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Abstract
This dissertation describes a series of three experiments focused on low electronic
temperature transport and Coulomb drag in GaAs electron-hole bilayers. Electronhole bilayers are of immense interest for exciton condensation studies since the exciton, predicted to form here, has a comparably light mass. This should lead to
condensation at temperatures relatively easily obtained in a 3He-fridge, while the
bilayer’s device geometry allows for unambiguous detection of condensation effects
via Coulomb drag measurements. General transport measurements of each layer are
also of interest since an additional source of correlation, via the attractive Coulomb
interaction from the nearby layer, is present. These interlayer effects are expected to
become more visible as the layer separation is reduced and depend on the densities,
relative and total, in each well, as well as the application of an external perpendicular
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or parallel magnetic field. Exploring these questions, measuring and discussing the
results of experiments which probe them, was the main point of this dissertation.
The first experiment examined the layer interdependence of transport in an undoped electron-hole bilayer (uEHBL) device with a relatively large 30 nm Al0.9 Ga0.1 As
barrier between the two quantum wells. The results here were consistent with mobility of each layer being only indirectly dependent on the adjacent layer density
and dominated by background impurity scattering. A decreasing interlayer separation, estimated via Coulomb drag measurements, was also observed with increased
interlayer electric-field.
The other two experiments were centered on the possibility of detecting electronhole pairing and condensation in the bilayer using Coulomb drag measurements.
Hints of condensation were observed in previous bilayer drag experiments and the
follow-on experiments, described in this dissertation, sought to further elucidate the
nature of these initial effects. The main result previously determined, which the
experiments here were intended to elaborate upon, was an upturn in the Coulomb
drag signal measured at low temperatures in the hole layer of bilayer devices with
relatively small-barrier widths between the wells. The initial upturn results, which
are fully reviewed and expanded upon here, ideally indicated a dramatic change in the
coupling between the layers and, at least initially, appeared consistent with formation
of a superfluid condensate, as predicted over a decade ago.[172, 57] However, several
issues with the upturn results have arisen since its initial discovery, the main one
being the lack of drag symmetry under layer reversal. These issues are discussed in
detail, along with some different mechanisms that might account for the phenomena.
The other two experiments, related to the upturn phenomena, were studies on
the effects of a density imbalance and an external perpendicular or parallel magnetic
field. The former showed the drag upturn to be inconsistent with the predictions
of electron-hole pairing fluctuations, for which a set of numerical calculations were
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also done, and have a stronger density dependence than transport theory predicts.
The perpendicular magnetic field study showed drag in the upturn regime was barely
enhanced by a small perpendicular magnetic field up to the point where oscillations
began occurring. A small phase offset between sets of oscillations in the layer resistivity and drag was also observed. Following this, a parallel magnetic field was
found to diminish the upturn magnitude. At higher temperatures, above the upturn
regime, the drag was enhanced, as expected, in concert with the rise in drive layer
magnetoresistivity. All the magnetic field effects were weaker than expected.
Summarizing the conclusions from these experiments, the results indicated that
in wide-barrier devices the transport was only indirectly affected by the appearance
of a second layer, while in the narrow-barrier device there was enhanced drag and
a strong departure from Fermi-liquid physics at low temperatures. Experiments on
the latter here have shown that it may be due to a phase transition, but that it is not
entirely consistent with formation of a superfluid condensate. In the future, newly
designed dual-gate devices with separate gates for the central Hall bar and contact
regions of the uEHBLs promise more robust fabrication and expanded experimental
options, such as lower density and operation at lower temperatures.
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Chapter 1
Introduction
”The journey not the arrival matters.” – T. S. Eliot
Although it can be stated many different ways, fundamentally condensed matter
physics is the study of how the physical laws of this universe manifest in systems
where large numbers of particles are so closely packed together that their effects on
one another may not be ignored. While the physical laws governing each particle
are well known there are so many particles that the possibility of solving all the
underlying equations in full detail is slim at best. Moreover, the particles in condensed matter systems will under certain circumstances conspire together to elicit
striking and unexpected macroscopic consequences. Iconic examples of this include
the quantum hall effect (QHE)[170], the fractional quantum hall effect (FQHE)[167]
and superconductivity.[12] Finally, one need only consider one of the millions of silicon (Si) metal-oxide-semiconductor field effect transistors (MOSFETs) inside the
processor of the computer upon which this dissertation is being written to realize
that condensed matter studies often directly lead to technological breakthroughs and
applications which benefit mankind in immeasurable ways.
Aside from the obvious condensed-matter connection, the subject matter of this
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dissertation, low temperature electronic transport and Coulomb drag measured in
electron-hole bilayers formed in gallium arsenide double quantum wells, shares something else with the examples above as well as almost all research, the proverbial
journey. Speaking colloquially, progress in research can viewed through the prism of
a long journey, with ups and downs, dead-ends, and surprises, all of which ideally
leaves its participants with plenty to talk about afterward. The reader is invited to
take that journey now. The journey begins here!
The semiconductor electron-hole bilayer (EHB) is not something one normally
stumbles upon in nature. Rather, it is an artificially created crystal system that
can only be made in the very expensive and complicated machines that are used
these days to grow semiconductor wafers. The ”bi” in electron-hole bilayer refers to
the two, spatially-separated subsystems of which it is composed: a two dimensional
electron system (2DES) and a two-dimensional hole system (2DHS). As their names
suggest, each of these two dimensional subsystems contains a certain type of quasiparticles, electrons or holes, confined to move freely in only two dimensions. These
are referred to as quasiparticles since they, the negatively charged electrons and their
positively charged cousins, the holes, interact with their surrounding crystal lattice
environment such that they behave just like free particles in a vacuum, only with
different masses that are smaller than the electron rest mass. The degree to which
these electrons and holes move only in two-dimensions is determined by their confinement, which is engineered during the crystal growth, specifically by altering the
crystal’s composition. For the electron-hole bilayers used in this dissertation it is
estimated to be ∼ 5 − 7 nm, or roughly the wavelength of the quasiparticles.
In each of these subsystems, the 2DES and 2DHS, on the order of ∼ 1010 electrons
or holes are crowded together in a single square centimeter, with all the constituents
of that crowd electrically repelling one another. Between the two different 2D systems, however, the constituents of each layer electrically attract one another. This
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attraction is the main source of interest in electron-hole bilayers since it was thought,
under certain circumstances such as very low temperatures, low densities, and small
distances between the two systems, to lead to pairing between the electrons and holes
in each layer and the exciting consequences pairing engenders.
If such electron-hole pairing occurs then depending on the densities of electrons
and holes different behaviors are predicted to occur. If such pairing occurs at low
densities it will be strong and the paired particles can be treated as the creation of
a new particle or quasi-atom called the exciton. This idea is depicted in Fig. 1.1.
Since the exciton will have equal amounts of positive and negative charge, it should
appear electrically neutral from a distance. Since the total spin of the exciton equals
1 or 0, with spin =

1
2

coming from each constituent particle, the exciton will behave

statistically like a boson. As bosons, excitons are also predicted to undergo BoseEinstein condensation (BEC) at low temperatures, similar to dilute gases of neutral
atoms in magneto-optical traps. By definition, a BEC forms when a macroscopic
number of bosonic particles are cooled and fall into the same quantum ground state.
If pairing does occur, but the densities are higher and the pairing is much weaker
then a condensate phase similar to what occurs in a superconductor may prevail
over the formation of a BEC. Here, there is still electron-hole pairing, but each
pair significantly overlaps the others and it is more precise to think of this as a
highly correlated state, similar to Cooper-pairs in a superconductor, rather than the
formation of actual individual excitons. Physically, however, this type of condensate
will share its most important characteristic, superfluidity, with the BEC-condensate
and often the author uses the term ”exciton condensate” generically to imply either
possibility.
Condensates demonstrate particle-like quantum mechanical behavior, such as interference phenomena, on the macroscopic scale. The prospect of exciton condensation is particularly enticing since the relatively light mass of the exciton (mex ¿ me )
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should lead to a correspondingly, relatively high condensation temperature TC , predicted to be on the order of ∼ 1 K. This is several orders higher than for condensation
of more massive neutral atoms like lithium, sodium and rubidium, which occurs in
the micro to nano-kelvin range. Exciton condensates are also predicted to be superfluids, which are predicted to have drastic effects on the Coulomb drag and, possibly,
the transport behavior of electron-hole bilayers.
A phase transition to an exciton condensate, however, is not the only phase
transition predicted for the electron-hole bilayer at low temperatures. Depending on
the circumstances formation of a density modulated phase, such as a charge-density
wave or Wigner crystal, may prevail over electron-hole pairing and formation of
an exciton condensate. While the charges are expected to be localized for these
phases, excluding superfluidity, a change in Coulomb drag is also predicted due to
the modulated density.
Thus, there are some exceptional reasons to be interested in and to measure the
transport and Coulomb drag of semiconductor electron-hole bilayers at low temperatures and this dissertation documents some vital steps taken along the journey
towards that goal.

1.1

The Work

The purpose of this dissertation is to describe the author’s work in pursuit of two
ultimate goals: (1) the longstanding search for evidence of exciton condensation; and,
(2) exploration of the newly accessible experimental region afforded by the electronhole bilayer system. The former was a goal first envisioned in a series of landmark
papers in the late 1960’s.[16, 71] The ideas in these papers set off a several decades
long race seeking a demonstration and understanding of exciton condensation. What
makes this goal so attractive is, first, that excitons exist in the solid-state, which by
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Excitons

2D electron gas (2DEG)

2D hole gas (2DHG)
Figure 1.1: (color online) Excitons are electron-hole pairs in semiconductors that are
predicted to condense at relatively high temperatures (TC ∼ 1 K) due to their relatively small mass (mex ¿ me ). Exciton formation and condensation in an electronhole bilayer was predicted to drastically affect the Coulomb drag and transport behavior measured in these devices.

itself means everything is robustly contained in a compact form that can easily be
electrically interrogated and which lends itself better to future device applications.
Secondly, as previously stated, the mass of an exciton is smaller than the rest mass of
an electron, which pushes the predicted condensation temperature up to a relatively
accessible regime of around T ∼ 1 K.
The second goal, exploring the newly accessible experimental region, happened
to be something of a fortunate afterthought. It turns out that electron-hole bilayers
are extremely difficult to fabricate. Since the first goal has essentially made them
available for further experimentation then it makes sense to exploit the bilayer devices
to their fullest. The second goal would also provide some level of justification for the
effort, in case the first goal did not work out as intended.
Much of the work from the Sandia group presented in this dissertation, in which
the author directly took part, is already available in form of journal publications
including Refs. [146, 112, 113]. These publications were both complementary to
and necessarily challenged by similar publications on low temperature transport and
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Coulomb drag in electron-hole bilayers by a group at Cambridge University.[34, 31,
32]

1.2

The Organization

This dissertation is organized as follows. Chapters 2, 3, and 4 are strictly background information for the remaining chapters. Chapter 2 covers the GaAs semiconductor materials used in the later work and some basics on semiconductor transport,
doping and quantum wells. In chapter 3, the Coulomb drag measurement is fully
explained and a weak-coupling limiting case for the drag resistivity is derived. The
fabrication and operation of the electron-hole bilayer devices used for the later studies
in this dissertation are described in Chapter 4. Here, the 7 mask steps of fabrication
and the unusual voltage biasing scheme for the uEHBL are covered. Readers already
familiar with the material in these chapters are strongly encouraged to skip over
them if they feel comfortable doing so.
Starting with Chapter 5 the material in each chapter becomes much more dense.
Chapter 5 includes a theory section covering condensation drag phenomena and an
experimental section that reviews some of the first experimental evidence consistent with that phenomena. The theory section also discusses the different types of
possible condensation or phase transitions that might occur and why any of these
might lead to a change in the Coulomb drag signal. The evidence in the experimental section of Chapter 5 was in the form of Coulomb drag measurements which
significantly departed from Fermi-liquid theory. These results, however, were only
partially consistent with the expectations of formation of a superfluid condensate or
a density modulated phase. This chapter also compares the results to the work on
electron-hole bilayers from the Cambridge group.[34, 31, 32]
In Chapter 6 a study on the layer interdependence of transport in an electron-
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hole bilayer is presented, which follows from the second goal mentioned in Section
1.1 above. Next, in Chapters 7 and 8, the effects of density imbalance and different
magnetic fields on the upturn in Coulomb drag, the aforementioned departure from
Fermi-liquid physics, measured in the hole layer of small-barrier electron-hole bilayers
are considered, respectively. Finally, in Chapter 9 the conclusions are summarized
and some designs for future electron-hole bilayer devices are discussed.
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Chapter 2
Semiconductor Quantum Well
Materials & Transport

2.1

Introduction

In this chapter some background on the preliminary physical concepts relevant
to the semiconductor materials used in later chapters is summarized for the reader.
For this discussion, only a modest level of knowledge of semiconductor physics is
assumed by the author. The chapter is divided into two main sections. In Section
2.2, directly below, a background summary on semiconductor materials is provided.
Here, topics ranging from semiconductor growth to double quantum well materials
are briefly touched upon. Following that, a description of the double quantum well
semiconductor material used to fabricate the electron-hole bilayers studied in this
dissertation is given in Section 2.3.
Each subsection tries to provide some vital context for its inclusion in relation to
the work presented in future chapters, while being as succinct as possible. For those
readers who desire further details they are encouraged to seek out the review materi-
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als referenced in each subsection. Readers already familiar with semiconductors and
electronic transport in semiconductor heterostructures are encouraged to skip ahead
to Chapter 4.

2.2

AlGaAs/GaAs Heterostructures

The measurements discussed in this dissertation were all performed on devices
fabricated with ultra-clean, ultra-pure gallium arsenide (GaAs) and aluminum gallium arsenide (AlGaAs) semiconductor heterostructure materials. Broadly speaking,
a heterostructure refers to any hybrid semiconductor material formed from combinations of heterojunctions or interfaces between two semiconductor materials with unequal energy bandgaps. The bandgap is the difference in energy between the highest
naturally occupied and unoccupied bands of energy levels, the valence and conduction bands, respectively, in an undoped semiconductor at T = 0 K. In contrast, a
semiconductor homojunction would refer to an interface of semiconductor materials
with similar bandgaps that differs by some other characteristic, such as the level of
impurities in the material.
The main benefit of the heterojunctions and heterostructure arrangements is the
enhanced utility and flexibility of the material system resulting from the difference
in bandgap of each constituent material. Primarily, it allows for the formation of
a quantum potential well or quantum well (QW) in the dimension perpendicular to
the layers and in which electrons and holes may be confined to move only in two dimensions. The semiconductor heterostructure quantum well is very much analogous
to the one-dimensional particle in a well problem. Confinement of the electrons, or
holes, in quantum wells changes and often enhances the material’s electronic and
optoelectronic properties. Additionally, by growing the same single quantum well
(SQW) pattern repeatedly on top of one another a multi-quantum well (MWQ) or
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superlattice (SL) material is formed.
While quantum wells are often exploited to progress solid-state research, such as
the work in this dissertation, the real benefactor from these materials is society at
large when you consider that key technology for deployment of the Internet rests
entirely upon diode lasers formed from heterostructure semiconducting materials.
Due in part to this, the Nobel prize was awarded in 2000 jointly to Herbert Kroemer
and Zhores I. Alferov for ”developing semiconductor heterostructures used in highspeed- and opto-electronics.”[81, 3]

2.2.1

Material Growth and Description

The work in this dissertation would not have been possible without the divine
skills of our collaborator at Sandia National Labs, John Reno, who designed and grew
the ultra-clean, ultra-high mobility GaAs/AlGaAs heterostructure material used to
fabricate the undoped electron-hole bilayer (uEHBL) devices used for the work in this
dissertation. This single crystal material was grown by a technique called Molecular
Beam Epitaxy (MBE), which allows for one layer of atoms to be grown at a time,
giving ultra-precise control of the composition of each layer in the material. MBE
growth is an entire science unto itself so only the basic ideas are outlined here.
MBE is performed under ultra high vacuum (10−8 Pa) conditions. Inside an
MBE machine, ultra-pure sources of elements, such as gallium and arsenide, are
heated in effusion cells until they sublimate and form the ”beams.” The latter is
a reference to the mean free paths of the atoms, which should be greater than the
dimensions of the MBE chamber. Cell heating dictates the intensity of gaseous
gallium and arsenide beams. Computer-controlled shutters control whether these
beams are incident on the target substrate wafer, where the elements condense to
form the epitaxial material. The growth is monitored by a Reflection High Energy
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Electron Diffraction (RHEED) system, where high energy electrons are incident upon
the material’s surface and reflected onto a screen forming a diffraction pattern. The
intensity of the measured pattern varies predictably with the growth and is capable
of discerning when a single monolayer of atoms has fully formed. Information from
the RHEED measurement is then fed back to the system allowing for the precise
control of the growth. Recent reviews of MBE growth are given in Refs. [124, 66].
An example of a material structure used to fabricate the uEHBLs used in this
dissertation is shown in Fig. 2.1. As this figure shows the epitaxial material was
grown on a GaAs substrate and includes several combinations of AlGaAs/GaAs heterojunctions, which perform different functions. From top to bottom these functions
include the following: (1) ”cap layer” - a GaAs layer that limits oxidation of the Alcontent materials below it; (2) ”upper QW” and ”lower QW” - the two-dimensional
confinenment regions where the electrons and holes will reside and perform conduction; (3) ”barrier” - separates the two conduction regions preventing electron-hole
recombination; (4) ”cleaning superlattice” - an AlGaAs/GaAs superlattice that limits scattering centers and enhances the material performance; (5) ”etch stop” - a
layer designed to allow for the substrate to be removed by wet chemical etching; and
(6) ”buffer layer” - another layer designed to enhance the material. Any oxidation
of AlGaAs layers, ideally prevented by the cap layer, may disrupt the ability for
metal to diffuse through the material, which is required for making ohmic contacts
to the 2D conducting regions. The buffer layers and cleaning superlattice are generally there to alleviate the built-in stress of substrate material, which can propagate
dislocations and defects into the epitaxial layers. Their layer thicknesses, in Fig. 2.1,
are deliberately removed since they relate to proprietary material enhancements .
The substrate used for wafer EA1287 and other wafers used in this dissertation
was made of bulk GaAs. The epitaxial layers were grown on the polished, (100)
surface of the substrate. The numbers (100) are Miller indices (lmn), which refer
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]AlGaAs/GaAs Cleaning
]Superlattice

Figure 2.1: Example of a growth sheet for wafer EA1287, from which two working
uEHBL devices were fabricated. This wafer was grown by John Reno at Sandia
National Laboratory.

12

Chapter 2. Semiconductor Quantum Well Materials & Transport
to a set of parallel crystallographic planes within the highly-ordered crystal lattice.
Briefly, each atom in GaAs has covalent bonds with four adjacent atoms, which
together forms a tetrahedron. This gives GaAs an underlying face-centered cubic
(fcc) crystal structure with a basis containing one Ga and one As atom, where one
atom is displaced from the other along the unit cell diagonal. Conventionally, the
unit cell is a diagram showing enough of a material’s atomic arrangement to reflect
its crystal symmetries. Continuing, the fcc structure and two atom basis of GaAs
crystal structure can be viewed as two inter-penetrating fcc lattices of Ga and As;
this is referred to as the zinc blende crystal structure. For the fcc lattice, the (100)
plane falls along an outside edge of the unit cell. It will contain either Ga or As
atoms and have 2 bonds connecting each atom to adjacent (100) planes.[154] GaAs
and AlGaAs are often referred to as III-V materials, reflecting the group position of
each element on the periodic table; Al and Ga are Group III elements while As is a
Group V element.

2.2.2

Band Structure and Lattice Constant

Zinc blende crystals, such as GaAs and AlGaAs, have symmetries which allow
them to be defined by a single lattice constant a, the constant distance between unit
cells in the crystal lattice. GaAs and AlGaAs are thus naturally well predisposed
for building heterostructures since both share roughly similar lattice constants while
the bandgap of AlGaAs can be continuously increased by increasing the ratio of Al
in comparison with Ga in the material composition. Again, the semiconductor’s
bandgap is the electronic energy difference between the highest band of energy levels
occupied at T = 0 K, the valence band, and the next highest, unoccupied band,
the conduction band, in pure semiconductor material. Simply put, these bands are
ranges of electronic energy levels the electrons inside the semiconductor can exist
at. As shown in Fig. 2.2, which lists several common semiconductor materials, at
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Figure 2.2: Bandgap energies for a variety of common binary and single element
semiconducting materials plotted as function of their lattice constants. Lines connecting points correspond to the ternary and quaternary compounds having fractions
of each binary compound at the endpoints of the line. Taken from [5].

room-temperature (T ∼ 300 K) GaAs has a quoted lattice constant equal to 5.65 Å
and a bandgap EG of 1.43 eV, while AlAs’s lattice constant is only slightly larger,
equal to 5.66 Å, while its bandgap is close to 2.16 eV.[5]
The lines in the chart in Fig. 2.2 connect common binary compounds (2 elements)
and reflect the possibility for ternary compounds (3 elements), such as AlGaAs,
where the line connects GaAs and AlAs. The actual fractional composition of a
ternary compound, the percentage of Al versus Ga, is typically denoted by adding a
single subscript variable x, as in Alx Ga1−x As. Note the line between GaAs and AlAs
is fairly vertical, which is indicative of lattice matching. This allows for GaAs and
AlGaAs to be grown upon one another to create relatively defect-free semiconductor
heterostructures. Although it’s not shown on this chart, the possibility for quaternary
compounds also exists. For a quaternary compound, a second subscript variable is
added, such as in Inx Ga1−x Asy P1−y , a compound which is lattice matched to InP at
5.86 Å.[119]
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Al0.3Ga0.7As

GaAs

EC ~ 1.899 eV

Energy

E4 ~ 188 meV

E3 ~ 110 meV

CBoffset ~ 235 meV

E2 ~ 50 meV

E1 ~ 13 meV
L = 18 nm

EC ~ 1.519 eV

Growth direction z
Figure 2.3: A schematic of a single quantum well formed from two Alx Ga1−x As/GaAs
heterojunctions. The vertical axis is the conduction band energy of each constituent
material. The horizontal axis, perpendicular to the quantum well, is the growth direction, commonly referred to as the z-axis. Using a numerical solver of Schrödinger’s
equation for the 1D finite potential well this well depth permits 4 bound states.[111]
Idealizations of the wavefunctions of a conduction band electron trapped in the quantum well, shown in grey, along with calculations for the corresponding energies are
given.

2.2.3

Quantum Wells

All the transport experiments discussed in this dissertation make use of semiconducting material containing one or two quantum wells, mostly the latter. The quantum
wells is where the actual conduction occurs in these materials since the electrons
and holes ideally reside here. The quantum wells design and immediate surroundings largely impact the electron and hole conduction. Thus, some basic properties
of quantum wells are described in the following.
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Here, a single quantum well, formed using a pair of AlGaAs/GaAs heterojunctions, is considered. A schematic of the single quantum well that forms in the conduction band is shown in Fig. 2.3. Conduction band electrons, the negatively-charged
quasiparticles that carry current inside a semiconductor, can fall into these wells and
become trapped. A similarly dimensioned, but inverted quantum well also forms in
the valence band. Comparably, the valence band holes, the positively charged quasiparticles that essentially reflect the absence of an electron and also carry current,
can fall into these wells and become trapped.
The depth of a quantum wells is dictated by the difference in bandgaps between
the materials (EgA − EgB ) and the band offset ratio ∆EC /∆EB , the ratio of how
the bandgap difference distributes itself between the conduction and valence band
quantum wells. The latter is a complicated function of the difference in electron
affinities between the two materials (χB − χA ) and the interface dipole that results
when materials with different chemical properties are grown upon each other. For
AlGaAs quantum wells ∆EC /∆EB ∼
= 60/40 to 65/35.[154]
Fig. 2.3 also depicts the wavefunctions Ψ(x) for the levels in a conduction band
quantum well. When the width of the quantum well L becomes comparable to the
de Broglie wavelength λ = h/p of the trapped carriers, where h is Planck’s constant
and p is the particle’s momentum, their motion in the z-direction becomes confined
and the energy associated with that direction is quantized or equal only to certain
discrete values, labeled by index i, which depend on the well width and depth. At
cryogenic temperatures (T ≤ 10 K), all of the electrons in the quantum wells would
be confined to their ground energy state (i = 1) as shown in the following.
The quantum wells used for this dissertation were 18 nm wide wells and asymmetric, with one barrier height vastly larger than the other. However, for the purpose
of this discussion consider the simpler, symmetric Al.3 Ga.7 As/GaAs quantum well of
the same length L = 18 nm shown in Fig. 2.3 (x = 0.3 is a common composition for
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AlGaAs). Using a simple numerical solver to find solutions to Schrodinger’s equation for the simple, 1D finite, Alx Ga1−x As/GaAs potential well problem at T = .3
K, a well depth ' 235 eV and 4 bound state energy levels are found.[111] The solver
program was a simple LabView vi that used the following equations to estimate the
energy difference between the top of the valence band and the bottom of the Γ-valley
of the conduction band EΓ of Alx Ga1−x As at low temperatures, taken from Ref. [6]:
EΓ (T ) = EΓ (T = 0) − 5.4110 − 4 ·

T2
,
(T + 204)

(2.1)

where EΓ (T ) is solved for in units of electron-volts (eV) and EΓ (T = 0) is given by
EΓ (0) = 1.519 + 1.155 · T + 0.37 · T 2 ,

(2.2)

again in units of eV. For GaAs and Al.3 Ga.7 As at T = .3 K these lead to an EG = 1.52
eV and EG = 1.90 eV, respectively, a bandgap discontinuity of .38 eV and, for
∆EC /∆EB ∼
= 62/38, a well depth of U0 ∼ 235 meV. The program then computed
the even and odd solutions given in Fig. 2.3 using the following common expressions
derived from the solution to Schrodinger’s equation for the 1D finite, potential well
in a semiconductor, respectively (eqn. 2.6 with U (r) = U0 for − L2 < x <

L
2

and 0

elsewhere):
µ ¶
p
kL
2
2
β − k = k tan
2

(2.3)

and
p

β 2 − k2 =
q

where β =

−k
¡ ¢,
tan kL
2

(2.4)

2m∗e U0
.
h̄2

From the schematic in Fig. 2.3, with an energy difference between the first two
subbands (E2 − E1 ) = (50 meV−13 meV) = 37 meV, or 432 K in temperature units,
only the first subband is ever occupied at cryogenic temperatures. And, with the
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electrons in the first subband, they are restricted to only moving in the other two
dimensions (x, y), in the plane of the GaAs layer. Hence, they are referred to as
”two-dimensional electrons.”

2.2.4

Mobility

The samples used in these studies were made from high purity, epitaxial AlGaAs/GaAs
material. To determine the level of that purity and, more importantly, to obtain a
sense for what physical effects the material may manifest, the sample’s mobility µ is
measured. Mobility reflects the level of scattering the charge carriers in a semiconductor endure when an external electric field |E| is applied to them (bold typeface
~ = (Ex , Ey , Ez )). Using µ the momentum relaxation
E implies a vectorial quantity E
time τm , the average time between carrier scattering events, can be determined. The
mobility is given by
¯ v ¯ |e|τ
¯ D¯
m
µ=¯ ¯=
,
∗
E
m

(2.5)

where |vD | is the magnitude of the drift velocity, e is the charge of an electron, and
m∗ is the effective mass of the charge carriers.
The uEHBL samples used for this dissertation had electron mobility on the order
of µn ∼ 5 × 105 cm−2 /V sec (hole mobility µp ∼ 1 × 105 cm−2 /V sec ) at T = 0.3
K, which is roughly 2 orders of magnitude lower than the current published record
of 14.4 × 1010 cm−2 /V sec.[169] From µn , a τn ∼ 20 ps can be determined, using the
typical GaAs electron effective mass m∗e = .067 me , where me is the rest mass of an
electron.
An electron effective mass is used here since it accounts for the presence of the
fixed lattice of Ga and As ions, through which the electrons would ideally move
freely. What prevents actual free electron behavior inside semiconductor materials
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are scattering events; electrons scatter off impurities in the material, defects in the
lattice such as dislocations, vacancies and interstitial atoms, other electrons, and
thermal vibrations of the lattice (phonons). Thus, measuring mobility also allows for
a determination of the scattering mechanisms present, which can aid in improving
the material growth or device design. Determining the scattering mechanisms is
typically done by measuring mobility as a function of temperature or carrier density,
the average number of charge carriers present in a square centimeter. The latter
experiment, discussed further in Chapter 4, was performed on some of the electronhole bilayer devices used in this dissertation and determined that uniform background
dopants were limiting the mobilities in each quantum well.[60]

2.2.5

Doping

A variety of means are used to control the electron and hole densities, n and p,
respectively, in a semiconductor material. In most instances, conductance measurements are performed on doped semiconductor material, or material that has had
special impurity atoms, donor or acceptor atoms, added during the growth that provide additional electrons or holes, respectively. An advantage of using a quantum
well for electronic transport measurements is the possibility for spatially separating
these dopant atoms away from the conducting region, so-called modulation doping,
which reduces the scattering cross-section due to the impurities, leading to weaker
scattering and enhanced mobility.
In a doped material, the densities can also be increased by briefly illuminating
the sample, which photo-generates equal numbers of additional electrons and holes.
Decreasing the density can be done via electric field-effect; a negative (positive)
electric field, normally applied vertically to the sample material, pushes the electrons
(holes) out of the conducting quantum well region. This external, vertically applied
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electric field can be arranged using a combination of an insulating layer directly
above the conducting region and a metallic layer directly above the insulating layer.
A field-effect transistor (FET) works by this principle.
The semiconducting material used to fabricate the uEHBLs, however, was completely undoped or free of donor and acceptor atoms, with the exception of the n+
GaAs cap layer which did not provide carriers for conduction purposes (see Fig. 2.1).
Instead, the densities n and p in uEHBLs are provided entirely by an electric fieldeffect. For these devices, both positive and negative electric fields are used to draw
the electrons and holes, respectively, from adjacent metal contacts into conducting
quantum well regions. This will be described fully in Chapter 4.

2.2.6

Double Quantum Wells

To introduce the idea of double quantum wells, and as a reference point for
Subsections 2.3.1 and 2.3.2 below, a schematic depicting the conduction band of the
empty (no charges present) double quantum well structure used in this dissertation
is given in Fig. 2.4. Recall that a pair of hole quantum wells will also result in the
valence band and that, ultimately, in the uEHBL a conduction band quantum well
and a hole band quantum well on either side of the barrier material are occupied
simultaneously (also see Chapter 4). Furthermore, uEHBL devices with either a
”large-barrier” (30 nm) or ”small-barrier” (20 nm) Al0.9 Ga0.1 As barrier width were
used for the measurements that follow in later chapters.
The Al0.9 Ga0.1 As material is expected to have a bandgap equal to ∼ 3 eV at 0 K,
according to equations 2.1 and 2.2.[6] The high barrier is critical for the measurements
since it keeps the interlayer tunneling very low despite being only 20 to 30 nm wide.
For high Al-content material, such as Al0.9 Ga0.1 As, the X-band minimum is actually
lower than the Γ-band minimum, however, it is the latter which defines the barrier
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Al0.9Ga0.1As

Al0.3Ga0.7As

Al0.3Ga0.7As
d

L = 18 nm

20 to 30 nm

GaAs

L = 18 nm

GaAs

Figure 2.4: A schematic of the double quantum well material used in this dissertation. Idealizations of the wavefunctions for conduction band electrons trapped in the
quantum well are shown in grey. The interlayer separation d is highlighted as the
center-to-center distance between the wells.

height in relation to the quantum wells due to in-plane momentum conservation and
energy considerations, which inhibit Γ − X − Γ transport.[46] The Γ− and X−bands
refer to different crystallographic directions inside the semiconductor material, each
of which has its own conduction band. For GaAs, only the Γ−band is typically
occupied since it has the lowest minimum in the energy bandstructure; however,
band-to-band tunneling process due come into play on occasion.
Ideally, the charge distribution of a double quantum well can be determined by
numerically solving a version of Schrödinger’s equation that accounts for the presence
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of the lattice and the well configuration, including the well size and depth, material
compositions of the well and barrier, and the location and density of the dopants and
resulting charges in the well. The presence of the lattice is typically accounted for by
simply by using the effective mass m∗e in the original time-independent Schrödinger’s
equation, while the well configuration factors determine the potential energy U (r),
leading to an effective mass eigenvalue equation
· 2 2
¸
−h̄ ∇
+ U (r) Ψ(r) = EΨ(r),
2m∗e

(2.6)

where Ψ(r) is the electron wavefunction in position space and E is its energy. The
charge distribution inside the well, given by Ψ∗ (r)Ψ(r), affects the well shape, a
phenomena referred to as to band bending, since it represents a charge source. Band
bending can be accounted for by solving both equation 2.6 and the Poisson equation,
which determines the electrostatic potential due to an arbitrary charge distribution,
iteratively.

2.3

Double Quantum Wells in the uEHBL

Determining the energy levels and charge distribution of the double quantum
wells of the uEHBLs used in this study would have required considering that both a
closely-spaced conduction band and valence band quantum well were occupied, with
their densities controlled externally by gate voltages, as described in Section 2.2.5
above, that also affects the shape of the quantum wells. Furthermore, as discussed
later in Chapter 4, during actual operation an external voltage must be applied
between the quantum wells, the so-called interlayer voltage VIL , to allow for both
quantum wells to become occupied. This type of problem is considerably more
difficult than the scenario discussed above. Thus, only a qualitative estimate of the
changes induced to the quantum well wavefunctions based on the well shape alone
was performed.
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Figure 2.5: A screen-shot from [110] showing an estimate of band-diagram of the
double quantum wells in a uEHBL with 18 nm quantum wells and a 30 nm barrier
width at T = .3 K. The gate voltages and an applied interlayer voltage are listed.
The darker(lighter) trace is the conduction(valence) band.
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To accomplish that task a simple LabView-based band diagram calculator was
devised by the author.[110] The calculation only considers the material compositions
and the gate voltage effects, ignoring the band band bending due to the charge
distributions, which has a far smaller effect. It did not solve for the energy levels
or wavefunctions, but it was useful for qualitatively understanding what effects the
gate voltages would have on the band diagram and the shape of the quantum. An
example of a screen shot from the program is shown in Fig. 2.5. As the figure shows,
under an external bias the quantum well can actually take on a more triangularshape due to the electric field created by the applied bias. This tool was used for
the work described later in Chapter 6.

2.3.1

Layer Separation d and Wigner-Seitz radius rs

A parameter of crucial importance to the uEHBL transport experiments is the
separation between the two-dimensional electron and hole layers d. While each layer
is expected to have some finite width, due to the finite extent of the wavefunction,
for all of the analysis in this dissertation the d is approximated to be the distance
between the centers of the two quantum wells, as highlighted in Fig. 2.4.
The Coulomb interaction between the layers strongly varies with d−1 . The inverse dependence on d means that as the 2D electron and hole layers that form in the
quantum are moved closer together (d gets smaller) the interlayer Coulomb interaction becomes stronger and measurements that probe it, such as Coulomb drag, have
larger signals. Thus, devices with a range of d, including some as small as possible,
would be ideal for these experiments.
√
The magnitude of d in relation to the interparticle spacing 1/ n in each layer
characterizes the strength of the interlayer Coulomb interaction. For the intralayer
Coulomb interaction, the parameter of interest is the Wigner-Seitz radius rs =
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p
( (nπ)a∗0 )−1 (in atomic units). Here, a∗0 = ²aB /m∗ is the effective Bohr radius,
where ² = 13 is the GaAs permittivity and aB = .5 Å is the Bohr radius. An rs À 1
signals a large intralayer Coulomb interaction. At the lowest achievable matched
density in uEHBLs, n = p = 6 × 1010 cm−2 , an rse ∼ 2 and rsh ∼ 13 are determined
for the 2DES and 2DHS, respectively.
And, finally, by comparing d with the intralayer particle spacing, which relates
to rs , an idea about the relative importance of the interlayer Coulomb interaction
can be gained. Here, the parameter of importance is d/(rs a∗0 ), which ideally would
be less than unity for the interlayer interaction to completely dominate. Using the
matched density n = p = 6 × 1010 cm−2 above the ratio d/(rs a∗0 ) ∼ 1.65, signaling
that the interactions are in an intermediate regime.

2.3.2

Tunneling

What ultimately limits how small d can be, however, is the presence of quantummechanical tunneling between the layers. For Coulomb drag experiments, it is vital
to keep tunneling as small as possible since it can lead to spurious signals. For
uEHBLs, the tunneling between the layers represents a recombination of electrons
and holes, which could limit any possible exciton formation or condensation effects,
as discussed in Chapter 5. Thus, the barrier between the wells must be of sufficient
width to minimize tunneling. Fortunately, as discussed in Subsection 2.2.6 above,
tunneling is also reduced by increasing the AlGaAs barrier height.
To appreciate this issue, consider the analogous situation of the simple onedimensional, rectangular potential barrier of height V (x) and length (x2 − x1 = L).
The probability for an incident particle of energy E to tunnel through the barrier
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for V (x) > E, is approximated as
T =µ

e
1+
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(x)−E)

¶2 .

(2.7)

As this equation shows, the tunneling probability has a negative exponential dependence on the L and V (x). Thus, to decrease tunneling while keeping the interlayer
interaction strength large the barrier must simply be made higher. This is why high
Al-content Al0.9 Ga0.1 As is used as the barrier material in the uEHBL.
Experimentally the tunneling issue was monitored by measuring an interlayer
current IIL , to which tunneling current contributes, and calculating the interlayer
resistance RIL = VIL /IIL . In the uEHBL devices used for this dissertation RIL was
typically À 100 MΩ. Ideally, the tunneling current is equivalent to the interlayer
current, however, for the uEHBL devices considered here there were gate leakage
effects which disrupted this.
While the barrier height could theoretically be made highest by using AlAs as
the barrier material, it is known that as the Al-content increases the chances of it
becoming oxidized also increases, which would lead to poor diffusion of the ohmic
contact metal. Poor diffusion might prevent the ohmic contacts from functioning
properly thereby rendering the samples useless for transport measurements. It is
even thought that oxygen burrows into AlAs layers from any exposed edges, causing
AlAs to become strongly oxidized.[73] Using Al0.9 Ga0.1 As as the barrier material was
thought to alleviate this issue, while still having a large barrier.
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Coulomb Drag

3.1

Introduction

In this chapter, the basic Coulomb drag measurement and theory are outlined.
Coulomb drag is a unique transport measurement in that it easily allows for a comparison to scattering theory, particularly as a test for Fermi-liquid behavior. Here,
the limiting case of weak coupling (large interlayer separations and low temperatures)
for the Coulomb drag is solved for. A discussion of exciton condensation effects on
Coulomb drag is given later in Chapter 5.
Generally speaking, the transport properties of a conducting layer will be modified
by the presence of a nearby conducting or metal layer, due to electron-electron (e-e)
interactions, or in the case of the uEHBL, electron-hole (e-h) interactions. This is
a so-called interlayer effect since charge carriers in one layer impact the behavior of
the carriers in the other layer.
Coulomb drag is a vivid example of friction manifesting from the interlayer
Coulomb interaction. Theoretically, a driving current in one layer, the ”active”
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layer, leads to a current being created in the other, ”passive”, layer. The drag effect
is due to momentum transfer from scattering events. Despite the Coulomb interaction between the layers, the drag effect would not result if not for the fluctuations in
the charge density of each layer that cause these scattering events.[136] A perfectly
uniform charge distributions would therefore not result in a drag current. Thus, the
drag is both a probe of intra-layer density excitations and interlayer Coulomb interactions that directly measures the particle-particle (e-e or e-h) scattering between
the two layers of a double quantum well.

3.2

Electron-Electron Scattering in Metals

While the Coulomb drag experiments in this dissertation focus on the electronhole problem, some basics on general e-e scattering in metals will serve to illuminate
later discussions. Also, e-e scattering is very a similar problem to e-h scattering so
it is proper to begin here.
The traditional theory of e-e scattering in metals was first developed by Landau
and Pomeranchuk [87] and Baber.[8] Here it was determined that e-e scattering
should contribute to resistivity ρ(T ) a term of the form
ρee (T ) = Aee T 2 ,

(3.1)

with the coefficient Aee being very small compared with other scattering mechanisms
(phonon, impurity, and defects) and constant for a given metal.[13] This expression
was determined for the limit of T << TF , where TF is the Fermi temperature, which
is normal for all 3-dimensional metals (TF ∼ 105 K) at room temperature.
Aee contains both normal and umklapp components, with the latter ultimately
dominating ρee despite the fact that actual electro-electron scattering is predominantly normal scattering.[13] Umklapp scattering involves moving outside the first
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Brillouin zone, via the addition of the reciprocal lattice vector to the scattering
process, and thus does not conserve total momentum (see i.e. [99]). In contrast, normal e-e scattering remains within the first Brillouin zone, thereby conserving total
momentum and rendering it less effective at contributing to ρee .[39]
The T 2 -dependence to ρee in three dimensions (3D) is commonly argued to originate with the Pauli restrictions on the phase space available for scattering.[73] The
argument proceeds as follows. At zero temperature the electrons in a metal will
fill vacant energy states up to the Fermi level EF , with only one electron per state
as per the Pauli restrictions; for E > EF the states remain vacant. As temperature increases the distribution of occupied states changes in accordance with the
Fermi-Dirac distribution function, given by
f0 (E) =

h
exp

1
(E−EF )
kB T

i
+1

,

(3.2)

where kB is Boltzmann’s constant. From equation 3.2 it is obvious that f0 (E <<
EF ) = 1 and f0 (E >> EF ) = 0.
Near EF , however, the state occupancy f0 (E) varies greatly, making ideal conditions for scattering to occur since the process typically requires filled states and
empty states on the order of ∼ kB T from each other. The filled states provides the
electrons initially needed to participate in the scattering event while the empty states
provide somewhere for these electrons to eventually scatter into. The range ∼ kB T
is an estimation based on equation 3.2 since that is roughly the amount of energy
over which f0 (E) varies dramatically.
As discussed in Hodges et al. and Giuliani et al., the common argument is that
two electrons with the ability to scatter are needed for the process to occur.[55, 49]
Thus, the Pauli exclusion principle must be satisfied twice, which introduces two
factors of kB T /µ to the scattering calculation, since this ratio denotes the fraction
of the total number of electrons that can undergo scattering as shown by equation
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3.2.
In reality, the T 2 -dependence only arises when the Fermi surface is truly spherical, giving a decay rate τee ∝ T 2 . For example, Hodges et al. have shown that
for a cylindrical 3D Fermi surface, the decay rate, and thus ρee , is proportional to
T 2 ln(T ).[55] A spherical Fermi surface is true for an ideal 3D free electron gas and,
comparably, some solid metal conductors such as alkali metals, where the Fermi surface or the constant energy surface in ~k-space at EF is a sphere of radius |~k| = kF ,
√
where kF = 2mEF /h̄ is the Fermi wave-vector.
Similar arguments are also often made regarding the scattering which leads to
Coulomb drag between two layers of two dimensional electrons.[73] Here the argument is that only the electrons in a region of width ∼ kB T at the edge of the Fermi
disc, since the electrons are two-dimensional, are able to participate in scattering
events. Thus, the number of electrons in each layer available for scattering increases
linearly with T and, with two layers, the number of scattering events scales as T 2 .
The reality is actually more complicated; in two-dimensions, the phase space
for backscattering diverges and gives rise to logarithmic corrections to the simple
T 2 −dependence.[140] These corrections only become visible when the separation between the layers is very small and large angle scattering events of large momentum
transfer q, which are usually suppressed by the exponential dependence ∼ e−qd of
the Fourier transformed Coulomb interaction, become important.[74] These small
corrections were not, however, visible in the drag measurements taken for this dissertation.
Measurements of e-e scattering are typically done indirectly. Following the discussion in Refs. [13, 73, 136], these include the following. The first convincing
evidence for T 2 -dependence in simple metals was found by Garland et al. in Indium
and Aluminum, by fitting ρ(T ) measurements to ρ(0) + A · T 2 + B · T 5 .[48] The fitting
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separates out the temperature dependent ρee (T ) from the temperature-independent
impurity scattering contribution and relegates the phonon scattering contribution by
restricting the measurement to low temperatures. Higher precision measurements
that confirmed the T 2 behavior in Al were made by Ribot et al. later in 1979 [139]
and these measurements stimulated MacDonald to reconsider the phonon-mediated
electron-electron scattering contribution to Aee , which was found to dominate it for
Al.[102]
A scheme was also later worked out to infer Aee using thermal conductivity.
Laubitz showed that normal e-e scattering accounts for deviations below the expected
electronic Lorenz number L0 for high temperature noble metals, since it contributes
2
to the thermal, but not electrical resistivity.[88, 156] Theoretically, L0 = π 2 kB
/3e2 is

the proportionality constant in the Wiedemann-Franz law defining the ratio of the
electronic contribution to thermal conductivity κ and the electrical conductivity σ,
given by
κ
= L0 · T.
σ

(3.3)

Thus, a decrease in κ due to e-e scattering, while σ remains constant, will lower
L < L0 . Exploiting this idea, measurements of Wee , the electronic contribution to
the thermal resistivity could be determined.[27] These measurements subsequently
stimulated MacDonald and Laubitz to estimate values of Aee for the simple metals,
from the experimentally determined Wee .[103]
Later, new schemes for probing e-e scattering were devised. First, using measurements of resistance in a translationally non-invariant system, a lateral surface superlattice on a 2DEG, the contribution of e-e scattering to ρ(T ) was determined.[107]
Next, using measurements of the weak localization effect in the diffusive regime the
electron coherence time was determined.[14, 89] And, finally, via interference effects
in an electron-double slit experiment,[178] where dephasing due to e-e interactions
was measured on length scales in the ballistic regime and confirmed the T 2 ln(T )-
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dependence of e-e scattering in 2-dimensions predicted in Refs. [55, 25, 49].

3.3

History of Coulomb Drag Measurements

The earliest example of a drag-like experiment was carried out by Hubner and
Shockley, who measured phonon drag in silicon back in 1960.[59] The layers in Hubner’s experiment were ∼ 100 µm apart, which means the direct Coulomb interaction
did not play a role in the measured drag. In phonon-assisted electron-electron scattering, an electron scatters into a phonon that travels across the barrier and scatters
into an electron in the other layer.
While Hubner’s was technically a drag experiment, it was roughly two decades
later that Coulomb drag in its modern inception, as a means to measure e-e scattering, was considered. In 1977 the Russian theorist M. B. Progrebinskii theoretically studied the intricacy of two thin films of electrons in a semiconductorinsulator-semiconductor structure.[134] Later in 1983, Peter Price, at theorist at
IBM, looked at the same intricacy as it occurs in the two-dimensional electron layers
of GaAs/AlGaAs heterostructures.[137]
Despite this, it was still many years later before anyone attempted the modern
drag experiment. This time allowed for the maturing of MBE technology and, using
that, the precision construction of GaAs/AlGaAs heterostructures with layer thickness on the order of nanometers, instead of microns. The first drag measurements
in modern form were made at IBM by Solomon et al., who measured the current induced in a 100 nm thick 3D layer, the gate, by driving current in a nearby 2D layer,
the channel.[160] Two different mechanisms affected this current. At higher temperatures, Coulomb drag due to a momentum transfer dominated the drag current in
the gate layer. At lower temperatures, the Peltier effect on the channel contacts led
to a thermocurrent dominating the Coulomb drag current, which was evidenced by

32

Chapter 3. Coulomb Drag
a sign-reversal of the drag signal.[86]
In 1991 Gramila et al. at Bell Labs made the first observation of the Coulomb
drag effect between two purely 2D systems, where the sign of the effect remained
consistent with interlayer momentum transfer.[50] Essential to this drag experiment
was the ability to independently contact the two-dimensional electron systems of a
double quantum well heterostructure, which had fortunately been worked out just a
few months earlier by Eisenstein et al.[42] Finally, in Ref.[50] an expression derived by
Allan MacDonald using Boltzmann transport theory for the momentum-transfer rate
in Coulomb drag was presented that reflected the T 2 -dependence of e-e scattering as
Landau et al. had earlier predicted.[87]
The first drag measurements between layers of two-dimensional electrons and
two-dimensional holes was performed by Sivan et al. in 1992.[155] This experiment
was the first to consider looking for indications of exciton formation and condensation
using Coulomb drag. While the measurements showed an up to order of magnitude
larger momentum-transfer rate than theory predicted, they were restricted to high
temperatures and showed no indication of exciton condensation effects.

3.4

Coulomb Drag Resistivity ρD

Measuring Coulomb or frictional drag directly measures the particle-particle scattering rate, the e-h scattering rate in this dissertation, ignoring the effects of other
scattering processes (i.e. phonon, impurity, and defects, etc.). The Coulomb drag
measurement is similar in one respect to a typical 4-wire resistance measurement in
that current is still driven through 2 wires, while the voltage is measured using the
other 2 wires. For Coulomb drag, however, the current IDrive is also driven through
just one of the layers of a double quantum well, the drive layer, while a longitudinal
voltage VDrag is measured in the other layer, the drag layer, which is kept electrically
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V

2DEG

2DHG
Current

Figure 3.1: (Color online) Schematic of the Coulomb drag measurement in e-h bilayer
showing polarity. In Coulomb drag, current is driven through one layer, the drive
layer, while a voltage is measured in the other layer, the drag layer. Here IDrive is
driven through the 2DEG (red layer), while VDrag is measured in the 2DHG (blue
layer).

open.
The schematic in Fig. 3.1 depicts the measurement scheme, with IDrive in the
electron layer and VDrag measured in the hole layer, used predominantly in this work
and for which the discussion below will follow. For electron-hole bilayers the VDrag is
normally positive, in contrast to Coulomb drag in electron-electron bilayers, so the
longitudinal drag resistivity ρD is defined as

ρD =

VDrag
.
IDrive · (L/W )

(3.4)

In this expression, L/W is the length L that the voltage is measured along divided
by the width W of the sample, also referred to as a square(sq). Thus, the unit of
measure of ρDrag is typically quoted as Ω/sq.
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3.5

Drude Model of Transport

Using the earliest picture of particle transport in a semiconductor, the Drude
model, a rudimentary understanding of the physical mechanism of the Coulomb
drag resistivity can be gained, which makes it worthwhile to explain here. Adopting
the Drude model, the quasiparticles, electrons or holes with an effective mass, are
treated as free particles that drift in the presence of electrical and magnetic fields and
are damped by a frictional force due to scattering at a constant rate. This treatment
is reflected in the Drude model electronic equation of motion for a population of
electron quasiparticles given by
v
v
m∗e v̇ = −eE − e × B − m∗e ,
c
τ

(3.5)

where (e > 0) is the electron charge and τ is the scattering relaxation time, a
damping coefficient which characterizes the quasiparticle’s motion being frustrated
by scattering.[105] These scattering events are due to the presence of a phonon,
impurity, defect, or another electron, all circumstances which disrupt the crystal
symmetry. These scattering centers are in-turn dependent upon such factors as
temperature, doping density and crystal quality, which govern the phonon, impurity
and defect density, respectively.
For a particle in the presence of only an electric field (B = 0) equation 3.5 permits
the following constant-motion (v̇ = 0) solution or equivalently for time t À τ
v=−

τe
E.
m∗e

(3.6)

This steady-state velocity will henceforth be referred to as the drift velocity vD , the
same |vD | that mobility µ relates to an applied electric field (see equation 2.5). For a
population of two-dimensional electrons in a semiconductor quantum well moving at
vD due to a longitudinal electric-field E in the quantum well plane, a two-dimensional
current density J2D can be considered, having units of amperes per cm. The current
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Figure 3.2: (Color online) Schematic of the momentum m∗e vD transfer occurring from
the 2DEG to 2DHG in the Coulomb drag measurement of an e-h bilayer leading to
τe→h . Here the layers are greatly separated, in comparison with Fig. 3.1, to permit
the depiction of the momentum transfer.

density is given by
J2D = ne evD =

ne e 2 τ
E = σE,
m∗e

(3.7)

where ne is the two-dimensional density of electrons in the layer and σ is a twodimensional conductivity, defined to be the linear coefficient relating the current
density and electric field.

3.6

Drude Model of Coulomb Drag

In Coulomb drag, the electrons and holes ideally remain in their respective layers, however, the long-range nature of the Coulomb force still causes them to scatter
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off one another. Some of the momentum of the current in the drive-layer can be
transferred to the drag-layer by these scattering events. As mentioned in Ref.[73],
the time it takes to transfer the full momentum of a drive-layer electron quasiparticle m∗e vDrif t to a hole quasiparticle in the drag-layer defines the mean interlayer
momentum relaxation time τe→h . Following the schematic in Fig. 3.2, the mass in
this momentum transfer is m∗e , which reflects the IDrive in the electron filled drivelayer. This momentum will push the holes in the drag-layer to one end of the Hall
bar, causing a longitudinal voltage to arise in that layer due to the altered charge
distribution. The force eED from this electric field in the drag-layer, shown in gray
in the schematic of Fig. 3.2, will balance the momentum transfer rate due to the
scattering, reflected by the following equation:
eED =

m∗e vD
,
τe→h

(3.8)

where τe→h is the interlayer momentum transfer time. For comparison, this electric
field generated by the altered hole distribution in the drag-layer, and its corresponding force eED , points in the +x̂ direction in Fig. 3.2, while the momentum transfer
pushes holes in the −x̂ direction. Although there is a striking similarity between
equations 3.8 and 3.6, in the former the electric field leads to a vD in the same single
layer and τ refers to the intralayer scattering rate. In equation3.8 the vD reflects an
externally driven current in drive-layer that causes the ED in the drag-layer to arise
and τe→h is an interlayer scattering rate.
Thus, equation 3.8 shows that the resulting electric field in the drag-layer ED is
a direct measure of the interlayer momentum relaxation time τe→h . Using J2D from
equation 3.7, the relationship between this external current density and the resulting
ED can be expressed in terms of a longitudinal drag resistivity ρD given by
ρD =

ED
,
J2D

(3.9)

where by combining equations 3.7, 3.8 and 3.9 the drag resistivity ρD can be defined
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as
ρD =

m∗e
.
ne e2 τe→h

(3.10)

Finally, reversing the layers, driving IDrive in the hole layer and measuring VDrag
in electron layer, is a vital check of reciprocity which the Coulomb drag measurement
must normally pass. While ρD is expected to be remain constant under interchange,
the momentum being transferred becomes m∗h vD and, in equation 3.8, nh replaces ne
and the interlayer momentum transfer time becomes τh→e . Applying these changes
to both equations 3.8 and 3.9, a new expression for equation 3.10 is found, given by
ρD =

m∗h
.
nh e2 τh→e

(3.11)

Comparing equations 3.10 and 3.11, the following ratio must exist:
m∗e
m∗h
=
,
τe→h
τh→e

(3.12)

which for the expected case m∗h > m∗e shows that τh→e > τe→h .

3.6.1

Boltzmann Theory of Coulomb Drag

As previously mentioned in Section 3.3, the first published expression for Coulomb
drag was derived by Allan MacDonald in 1991 for the study in Ref. [50] using
Boltzmann transport theory. This is the so-called weak coupling approximation to
Coulomb drag, which is valid for low temperatures (T << TF ) and large interlayer
separation (kF d >> 1). The first actual full derivation of a drag equation, again
using Boltzmann transport theory was published later by Jauho and Smith in 1993
and showed the explicit equation as a function of temperature, interlayer separation,
well width and density.[63]
In this section, Jauho et al.’s derivation of the linearized-Boltzmann theory of
Coulomb drag is reviewed in relation to the e-h bilayer drag measurement. The
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Figure 3.3: (Color online) Diagram of an electron-hole scattering event between an
electron in the drive-layer and a hole in the drag-layer. Particle states are labeled
by their momentum and spin |ke σh i. The transferred momentum occurs through
emission and absorbtion of a field particle with momentum q.

discussion below highlights changes to the derivation that necessarily account for the
mass and charge differences between the two layers, which is relevant to e-h bilayer
drag measurements, and possible density differences (n 6= p), which relates to the
work in Chapter 6.
The basic scattering event, following the drag- and drive-layer convention in Fig.
3.1, is depicted by the diagram in Fig. 3.3. Letting kx and σx define particlex’s momentum and spin, respectively, the diagram shows a drive-layer electron in
state ke σe and a drag-layer hole in state kh σh scatter into states ke0 σe0 and kh0 σh0 ,
where the primed indices represent final states and unprimed indices represent initial
states. Due to momentum conservation ke0 = kh + ke − kh0 and the wavevector for
the momentum transferred in the process is q = kh0 − kh .
The derivation starts with the linearized Boltzmann equation for the drag layer
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given by (eqns. 7 and 8 in Ref. [63])
·
¸
0
∂f
∂f
h
h
k˙h ·
=
,
∂kh
∂t coll

(3.13)

where fh0 is the equilibrium distribution for the drag (hole) layer, given by equation
3.2, and
h̄k˙h = +eEh

(3.14)

is the semi-classical equation of motion for holes (+e) in the presence of Eh , which
points in the +x̂ direction following the schematic in Fig. 3.2. Equation 3.14 already
assumes the presence of an electric field Eh in the drag-layer due to a build-up of
holes at the left (conventionally x = 0) end of the sample.
The collision term in the expression above (eqn. 9 in Ref.[63]) must thus account
for the interlayer scattering that provides the hole drag and balances the force on
the holes due to Eh . Jauho et al. treats this scattering by introducing drive-layer
distribution deviation functions ψe and ψe0 , where ψ is generally defined as
f − f 0 = f 0 (1 − f 0 )ψ,

(3.15)

where f is the current distribution and f0 is the equilibrium distribution given in
equation 3.2. For the drag-layer ψh = 0 since the system is expected to be equilibrium, while for the drive-layer, where the drive current is expected to be limited by
impurity scattering,
ψe = −

eEe τe
vex ,
kB T

(3.16)

where τe is related to mobility µn = eτe /m∗e , Ee is the electric field, and vex is
the individual scattering particle’s velocity, which varies with momentum. Using ψe
above and an expression for conservation of momentum that accounts for the mass
difference between layers
m∗e (vex − ve0 x ) = m∗h (vh0 x − vhx ),

(3.17)
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which replaces the massless version in equation 12 of Ref. [63], the following substitution can be made inside the collision integral (rhs of eqn. 13 in Ref. [63])
eEe τe
(vex − ve0 x )
kB T
µ
¶
eEe τe m∗h
= −
(vh0 x − vhx )
kB T
m∗e
µ
¶µ
¶
h̄
eEe τe m∗h
(kh0 x − khx )
= −
kB T
m∗e
m∗h
eh̄Ee τe
= − ∗
(kh0 x − khx ).
me kB T

(ψe − ψe0 ) = −

(3.18)
(3.19)
(3.20)
(3.21)

This substitution leads to the prefactor terms in equation 16 of Ref. [63]. Eventually
the m∗e in this prefactor cancels the m∗e in the expression for ρD in equation 3.10
thereby removing any explicit mass dependence for the drag. This should preserve
the drag reciprocity, the so-called symmetry under layer reversal or interchanging of
drag- and drive-layers.
Finally, the last significant difference involves Jauho’s substitutions of a susceptibility function χ(q, ω) in for the distribution function terms in the collision integral
(eqn. 17 in Ref.[63]) and the screened interlayer Coulomb interaction in the collision
probability term. For e-h bilayers there will be separate interaction potentials and
χ(q, ω) functions for each layer since the density fluctuation response and screening
properties depend on the particle mass. The former applies when a substitution for
the interaction potential was made in the low temperature limit (see Section IV of
Ref. [63]). The inclusion of individual susceptibilities leads to an integral expression
for ρD in terms of the susceptibility of each layer given by
h̄2
ρD = 2
2π nh ne e2 kB T

Z

Z

∞

∞

dq
0

dωq 3 |eφ(q)|2

0

Imχe (q, ω)Imχh (q, ω)
,
sinh2 (h̄ω/2kB T )

(3.22)

which replaces the combination of eqns. 5 and 27 in Ref. [63]. According to this
expression, it is clear that ρD will be symmetric under layer reversal (drag layer ↔
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drive layer), as reciprocity demands. Also, for this expression the Born approximation was used to obtain the collision probability from the Fourier transform eφ(q) of
the effective Coulomb interaction.

3.6.2

Weak-coupling limiting case for Coulomb Drag

Again Following Jauho et al.,[63] for sufficiently low temperatures (T << TF ) and
small momentum transfer wavevectors (q << kF ) an analytic resulted was extracted
from equation 3.22 via the following: (1) Imχ was approximated by its low frequency
expansions Imχ ' m∗2 /2πh̄3 qkF ; (2) the interaction potential was determined from
Poisson’s equation for a point source situated in one of the two layers and screened by
both the electron and hole layers; and (3) the screening of this potential was treated
in the Thomas-Fermi approximation, which assumes momentum transfer wavevectors
q will be less than the Thomas-Fermi screening wavevector qT F appropriate to twodimensions, given by
qT F e =

2m∗e e2
= 1.9184 × 106 cm−1
κh̄2

(3.23)

qT F h =

2m∗h e2
= 1.05941 × 107 cm−1 .
κh̄2

(3.24)

and

An expression for eφ(q) in equation 30 of Ref. [63] is given by
eφ(q) =

q
πe2
,
2
κ qT F sinh(qd)

(3.25)

where κ is the dielectric constant (∼ 12.8 for GaAs) and, again, d is the interlayer
spacing. Equation 3.25 above applies in the limit of small transfer wavevectors
(q ≤ d−1 ¿ qT F and kF ) and assumes the width of the two layers may be set equal
to zero.
Plots of |eφ(q)|2 from equations 30 and 29 of Ref. [63] are shown in Fig. 3.4 for
similar parameters to the measurements performed for this dissertation. These plots
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Figure 3.4: (Color online) Plot of the q-dependence of φ(q)2
for equations 30 (black line) and 29 (red line) from Ref.[63], calculated for n = p =
6.0 × 1010 cm−2 and d = 38 nm and normalized to the unity from equation 30.
purport to show that momentum transfers near 2kF contribute little to the drag,
however, for the uEHBL devices used here, kF d ≈ 2.4, which means the analytic
expression will vastly underestimate the drag magnitude because it excludes the
large-angle scattering, which covers the large momentum transfer corresponding to
q → 2kF .
By symmetry arguments the square of the Thomas-Fermi screening wavevector
qT2 F in equation 3.25 should be equal to the product qT F e qT F h , which makes the
screening weaker for e-h bilayers compared with e-e bilayers. Thus, to obtain the
analytic expression equations 3.25 and 3.22 were combined with analytic expressions
for Imχ and integrated over q resulting in
¶µ
¶µ ¶
µ 2 2¶µ
m∗e m∗h
1
1
ζ(3)π kB
T
,
ρD =
2
16h̄
qT F e qT F h
n3/2 p3/2
d4
h̄ π

(3.26)

where ζ(3) = 1.202... is the Riemann-zeta function. This is equivalent to the expression given in Ref. [50], apart from being a factor of 2 larger, and explicitly showing
the density dependence. The benefit of expressing it in this manner is that the strong
inverse dependence upon d and the symmetry under layer-interchange are very clear.
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It also allows for the equation to be reduced further using the explicit expressions
for qT F in equations 3.23 and 3.23 (recall qT F ∝ m∗ ). This eliminates all the mass
dependence in ρD and shows that the analytic drag expression is insensitive to the
mass-induced differences in screening properties of each layer.
Equation 3.26 is also useful since it predicts that ρD is dependent upon temperature (ρD ∝ T 2 ), density (ρD ∝ (np)3/2 ) and layer-separation (ρD ∝ d−4 ). While
these dependencies are in-turn dependent upon the assumptions used to arrive at the
analytic expression, they suffice from the experimentalist’s standpoint, particularly
for the bilayer experiments.
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Undoped Electron-Hole Bilayer
Devices

4.1

Introduction

Fundamentally, the undoped electron-hole bilayer (uEHBL) device seeks to allow
for a 2D layer of electrons to be situated close enough to a 2D layer of holes such
that the particles in each layer can electrically interact strongly with each other,
but cannot recombine via tunneling, all in a solid-state system. The uEHBL device
is the brainchild of Mike Lilly at Sandia National Laboratory and John Seamons,
formerly of the same.[147] It was specifically devised as a means to find exciton
condensation in semiconductors and providing unambiguous evidence for this event
using Coulomb drag and electronic transport measurements. Whether that effort was
entirely successful is the subject of considerable debate in the following chapters. In
this chapter, some additional background, highlighting the details of uEHBL device
fabrication (Section4.2), operation (Section 4.4) and basic transport (Section 4.5),
is provided which serves to further build the reader’s vocabulary for those future
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chapters.

4.2

Fabrication

Out of the estimated hundred or more diced pieces of bare semiconductor wafer
that were slated to become working uEHBLs, there have been exactly 3 that were
ultimately deemed ”successful,” where success was measured by the simple test of
whether the uEHBL sample could be used to perform a Coulomb drag measurements
at matched densities. Thus, it is a bit of an understatement to simply say that
fabricating uEHBLs is difficult.1
The work in this thesis is entirely based upon the transport properties of those
3 uEHBL samples, most certainly fabricated in combination by John Seamons and
Dennise Tibbetts in the now defunct Compound Semiconductor Research Facility
at Sandia National Laboratory. These samples are referred to later in Section as
Sample A, B and C; they varied in their barrier widths, ohmic contacts and gateleakage paths. The latter was actually fortunate since it confirmed that some of the
observed effects in the drag measurements were not attributable to gate leakages.
These 3 samples have also served as the basis for numerous journal papers (see Ref.
[147, 146, 112, 113]), all of which described, in part, some aspects of the fabrication
details of uEHBLs. A step-by-step guide to fabricating uEHBLs was also given in
Appendix A of John Seamon’s thesis.[148] Here, a concise summary of those details
is provided.

1 It

ranks more along the lines of climbing Mt. Everest without supplemental oxygen –
extremely difficult and life threatening.

46

Chapter 4. Undoped Electron-Hole Bilayer Devices

4.2.1

e-h Bilayer Fabrication History

Sivan et al.[155] created the first electron-hole bilayer device with the requisite
independent ohmic contacts to each layer that allow for one to measure Coulomb
drag between the layers. Again, independent contacts to each layer simply means
the conducting layers in a double quantum well are electrically accessible to the
experimenter, but electrically isolated from each other. The typical approach to make
independent contacts to each layer of a double quantum well was first demonstrated
in Ref. [42], as mentioned in Section. 3.3. Sivan’s device, however, demonstrates
independent contacts to layers separated by tens of nanometers is possible using
a combination of etching, implanting and device design alone. Since then several
research groups have devised electron-hole bilayers using doped heterostructures.[67,
151, 128, 143, 144, 150, 173, 141, 127, 135, 77] While all the devices in these references
effectively placed a 2DEG and 2DHG close together, none of them had close enough
layer spacings or were capable of operating at low enough densities to sufficiently
mitigate the high-density screening effects which weaken the interlayer interaction.
Obtaining a e-h bilayer device that operated at lower densities thus required exploring options beyond doped materials. Single layer undoped heterostructures commonly referred to as heterostructure insulated-gate field-effect transistors (HIGFETs)
are generally capable of lower densities (∼ 1010 cm−2 ) than doped structures, and in
some cases, they are capable of ultra-low densities (∼ 910 cm−2 ).[69, 68, 183, 91, 118]
HIGFETs also afforded new possibilities and flexibility, with their unique ability
to directly control the sample density and, in some cases, the sample polarity, as
demonstrated by Kane et al..[69]. This latter effort also proved that it was possible
for the same undoped device to contain both n- and p-type contact metals, which
would absolutely be required for an uEHBL device. Thus, a design for uEHBL was
conceived that adopted characteristics of single-layer HIGFETs, with the particular
goal of exploiting their ability to operate at low densities.
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PdGeAu Top Gate

60 nm n+ GaAs Cap
200 nm Al.3Ga.7As
Self-Aligned
Contact
18 nm GaAs Upper Well 2DEG
(SAC)
20 or 30 nm Al.9Ga.1As Barrier
NiGeAu
n-type
18 nm GaAs Lower Well 2DHG

Overlap
Contact
BeAu
p-type

TiAu
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TiAu Back Gate
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125 nm Al.7Ga.3As

TiAu

Figure 4.1: (Color online) Schematic showing growth and gate-contact structure
following full uEHBL device processing. Top, n-type quantum well has n controlled
by HIGFET-style top-gate, drawing carriers from NiGeAu metal, self-aligned ohmic
contacts. Bottom, p-type quantum well has p controlled by overlap-style TiAu backgate pulling carriers from AuBe metal ohmic contacts. Back-gate and Vias are
flip-chip processed following EBASE. Vias are used to contact top-side metal ohmic
contacts and top-gate.

Finally, it should also be mentioned here that the Cambridge group designed a
different approach to fabricating electron-hole bilayer devices, in some cases using
doped materials.[33] Their design employed heavily doped, n+ InAs to make shallow ohmic contacts to the top quantum well, selective etching to isolate the p-type
contacts, and a back-gate, similar to the uEHBLs.
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4.2.2

Bilayer Material

The fabrication of a uEHBL device begins with MBE-grown GaAs/AlGaAs undoped double quantum well materials. Two of the three working uEHBL samples
used material from wafer EA1287, while the other one used material from wafer
EA1286. The growth structure of wafer EA1287 was shown in Fig. 2.1. Wafer
EA1286 has a similar structure, but included the aforementioned ”large-barrier
width”, 30 nm Al0.9 Ga0.1 As barrier.
Fig. 2.1 shows wafer EA1287 had, working down from the top surface, a 60 nm
n+ GaAs cap layer, a 200 nm Al0.3 Ga0.7 As layer, an upper 18 nm GaAs quantum
well, a 20 nm Al0.9 Ga0.1 As barrier, a lower 18 nm GaAs quantum well, a 125 nm
Al0.3 Ga0.7 As layer, a superlattice, and finally an Al0.55 Ga0.45 As stop-etch layer. The
only intentional dopants are in the n+ GaAs cap layer, which eventually serves as the
top-gate. The dopants here do not populate the upper quantum well. Instead, the
electrons and holes, that populate the upper and lower quantum wells are pulled into
them by gates via a field-effect, as we discuss further below. A schematic showing
what remains of Wafer EA1287 following the full device processing is given in Fig.
4.1. A picture and schematic of the completed Hall bar is shown in Fig. 4.4.

4.2.3

Sample Processing

Processing of an uEHBL requires seven, mostly routine, mask steps, which proceed as follows. The first mask step is the ”mesa-pattern”. Following standard photolithography the cleaved sample is etched in phosphoric acid to create a Hall-bar with
fourteen contact arms, seven on either side, attached to a 100 µm rectangular mesa.
Only in this central conducting region of the Hall-bar will the 2DEG and 2DHG
be directly above one another. (see Fig. 4.4 ) The use of several contact arms is
necessary since the contacts were prone to not turning on or shorting. Having sev-
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eral extra contacts allows for some variance in the fabrication routine. It also means
any shorting contacts can be scratched off by hand with a scribe tool and that any
non-functioning contacts can largely be ignored. These issues are discussed further
in Section 4.3.
The second mask step is the ”cap-etch-pattern.” Again, following the lithography
step, phosphoric acid is used to etch off the n+ GaAs, cap layer on the arms that will
later become p-type contacts. This cap layer will eventually serve as the HIGFETlike top-gate, pulling carriers from the n-type metal contacts into upper quantum
well of the n-type arm and Hall-bar central regions.
The next mask step, the third, is the ”p-type-contact-pattern.” This pattern
allows for a deposition of BeAu onto the ends of the 5 arms designated as p-type
contact arms. The device is annealed in a rapid thermal annealer (RTA) at 475 C for
60 seconds in a low-pressure Ar atmosphere to properly diffuse the p-type contact
metal.
The ”top-gate-pattern” is the fourth mask step. Using this pattern a shallow, ntype ohmic contact of PdGeAu is evaporated onto one end of the Hall-bar to contact
the n+ GaAs top gate, made from the cap layer. Using this ”shallow” contact
prevents shorting between the top gate and the bottom quantum well.
Up to this point, the processing is fairly routine. From here, however, it departs
into less traditional processing steps. Following the p-type contacts, the ”n-typecontact-pattern”, the fifth mask step, is done. Using this pattern, self-aligned, n-type
ohmic contacts are formed at the ends of the arms designated for n-type contacts.
Forming self-aligned contacts (SACs) is a two-step process, with a wet etch-step
followed immediately by deposition of NiGeAu at a specific angle and with rotation.
The deposition angle, 52 degrees, was critical since it allows for the metal to deposit
on the edge of the mesa sidewall, but not so far up it as to touch the top-gate layer
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Figure 4.2: Picture of a self-aligned contact in a single layer device. The SAC is
formed by using the same mask pattern for etching the material down to the quantum
well layer in the contact region and for the metal deposition. Ideally, the top-gate
layer will slightly overlap the ohmic metal due to under-cutting during the wet-etch
and the angled, rotating deposition of the ohmic metal will cause it to deposit along
the mesa-side wall without touching the top-gate layer. Taken from Ref.[148].

(the former n+ cap layer), which would lead to a gate short.
The SAC was originally pioneered by Kane et al.[67, 69, 68] and is the most
common approach to fabricating contacts for so-called undoped or dilute samples.[91,
118] A picture of a self-aligned contact in a single-layer device is shown in Fig. 4.2.
To diffuse the NiGeAu metal into the arm region the device is annealed again in
an RTA, this time at 420 C for 60 seconds in a low-pressure Ar atmosphere. The
n-type metal contacts must be annealed after the p-type contacts since the latter
uses a higher anneal temperature. The p-type contacts are not dramatically affected
by a second, lower temperature anneal, while the reverse, annealing n-type contacts
a second time at a higher temperature, would not be true.
Following formation of the n-type SACs, the top-side processing is completed and
now the sample’s backside must be processed. To perform backside processing, the
sample is put through the Epoxy-Bond-And-Stop-Etch (EBASE) process, which is
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Figure 4.3: Depiction of the main steps in the EBASE-procedure. First, the sample
is flipped over and epoxied to a host substrate. The original substrate is now mechanically lapped to thin it and wet-etched down to a stop-etch layer. Finally, vias
are formed to contact top-side metals and the back-side is processed normally.

outlined in Fig. 4.3. The EBASE process was developed by Weckwerth et al. at
Sandia in 1996.[175] Summarizing, EBASE proceeds as follows. First, the topside
of the device is processed normally. Then the device is flipped over and epoxied
to a host GaAs substrate. Then the original substrate is mechanically-lapped and
wet-etched down to an AlGaAs stop-etch layer. The first stop-etch layer is then
removed with hydrofluoric acid, etched down to the second stop-etch GaAs layer. At
this point, the sample’s original bottom-side is now exposed and processing of the
sample may continue normally. Metal vias are used to make contact to the topside
metals.
To form the back-gate on the sample backside (which is now on facing up) a 100
nm SiN film is grown via plasma-enhanced chemical vapor deposition (PECVD). This
layer insulates the device from the bottom metal gate and limits the leakage current
between that gate and the bottom quantum well. The sixth mask step follows from
this point, where via holes are etched down through to contact all of the top-side
metals. Following this, the seventh and final mask step occurs. Here, the uEHBL
device is finished by depositing TiAu to simultaneously fill the via holes with metal
and to form the bottom-gate down the length of the Hall-bar and out the five arms
to make overlap-style contacts with the p-type metal.
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Again, a picture and schematic of a fully processed uEHBL are shown in Fig. 4.4.
As the figure shows, each device had 7 n-type and p-type contact arms. The leftmost
metal pad contacts the bottom-gate, which is visible as the gold region, while the
rightmost via contacts the top-gate, which is hidden beneath the center conductor.
The dark blue shadows in the picture are the n-type contact arms. At the ends of
these, the contact metal is visible through the epi-material. The reddish-hue to the
picture reflects the presence of the 100 nm SiN layer deposited on the backside of
the device and on top of which the bottom-gate was deposited. The mesa width was
100 µm and the total area of the 2DEG/2DHG overlap region (center conductor)
was 3.5 × 105 µm2 .
As stated above, 3 working uEHBL samples were fabricated. Henceforth, they are
referred to as Sample A, B, and C. Sample A had a 30 nm Al.9 Ga.1 As barrier, while
Sample B and C had 20 nm Al.9 Ga.1 As barriers. Sample B had Hall contacts in each
layer and gate leakage predominantly from its top-gate directly to the bottom gate.
In contrast, Sample C had enough contacts for longitudinal resistance measurements
in each layer and gate leakage predominantly from its top-gate to the top quantum
well.

4.3

HIGFET Operation

The uEHBL device requires unique voltage biasing to operate. Unlike traditional
doped heterostructures in which the carriers are inherently present, only under specific voltage biasing conditions will both the top and bottom quantum wells in an
uEHBL be simultaneously occupied by a 2DEG and 2DHG, respectively.
To understand the uEHBL biasing, consider first a single-layer HIGFET-style
device. Here the carriers are drawn into the quantum well by an electric field created
by the combination of a voltage drop between the top gate and the SACs and the
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Figure 4.4: (Color online) Picture and schematic of a completed uEHBL device
showing the device configuration. As depicted in the schematic, there are 7 p-type
and n-type contacts. The metal contact on the left is attached to the bottomgate (visible in gold), while the furthest right via contacts the top-gate (not visible)
beneath the center conductor.

insulating properties of the Al0.3 Ga0.7 As barrier layer between the two. The voltage
drop is typically created by applying an external applied voltage VT G to the top-gate
and always keeping at least one of the SACs grounded. The top-gate must ideally
extend, to a degree, over each SAC so the electric field is able to pull carriers from
the metal contact.
One of the biggest selling points of the HIGFET for low temperature semiconductor transport research is that it uses the AlGaAs barrier layer as the insulator.
While not being as high a potential barrier as a typical electrically insulating di-
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Figure 4.5: Plot of n versus VT G , taken from Ref. [91], for a single layer, n-type
HIGFET. This device has a VT H ∼ .15 and n varies roughly linearly with VT G
(∆n/∆VT G ∼ 33 × 1010 cm−2 /V).

electric material, such as SiO2 or SiN, the AlGaAs barrier makes up for this minor
shortcoming by being epitaxial in quality and having a similar lattice constant as the
GaAs quantum well layer. These qualities mitigate the more pressing issue of scattering and leakage due to interface-related defects, which severely plague the typical
dielectric materials when used for passivating III-V materials. Anecdotally, this lack
of a good dielectric material, such as SiO2 for Si, is one of the primary reasons why
III-V materials never gained a huge market share in manufacturing.

For HIGFETs, there is a voltage threshold Vth that must be reached on VT G
before the 2DEG or 2DHG is fully-formed inside the quantum well. Once present
the two-dimensional density of carriers is roughly, linearly proportional to | VT G −
Vth |. An example of this behavior is shown in Fig.4.5, where a plot, taken from Ref.
[91], of n versus VT G is given for a single-layer HIGFET. Here, a VT H ∼ .15 V was
found and an n down to ∼ 1 × 1010 cm−2 were found.
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4.4

uEHBL Operation

Operation of an uEHBL is more complicated than the HIGFET. To better sort
it out, the discussion is broken into top and bottom devices, based on the device
structure. The top device, shown in Fig. 4.6a, includes the upper quantum well,
top gate, and the n-type, self-aligned NiGeAu ohmic contacts; together these form a
HIGFET-style field-effect device. When the bottom device is completely grounded,
the top-device works exactly like the device described in above in Section 4.3 and
used in Refs. [69, 91]. Thus, uEHBLs can also be operated in as single layer 2DEG
devices, if so desired.
The bottom device, shown in Fig. 4.6b, includes the bottom quantum well,
bottom-gate, SiN layer, and the p-type, overlap-style AuBe contacts. The bottom
device works similarly to a HIGFET, using an electric field to pull carriers from
the metal contacts into the bottom quantum well; however, this electric field is
generated now by the combination of the overlap of the bottom-gate and the p-type,
metal contacts, and the insulating properties of the 100 nm SiN layer. The other
significant difference between the operation of the bottom and top devices relates to
the polarity. In the bottom device, the voltage applied to the bottom-gate will be
negative, with respect to the grounded contacts. Aside from this, the bottom-device
can also function as a single-layer p-type device, with the entire top device and gate
grounded.
Using the top and bottom devices simultaneously to make the uEHBL function
as a electron-hole bilayer device, requires some an intricate balancing of 3 voltage
supplies. Turning on the full device proceeds as follows. First, the entire device is
grounded and sufficient bias (VT G > Vthn ) from the first voltage supply is applied to
the top-gate to form the 2DEG. A second voltage supply, set to 0 V, is then attached
to a single n-type contact and the other n-type contacts are ungrounded. During

56

Chapter 4. Undoped Electron-Hole Bilayer Devices

(a)

(b)
PdGeAu Top Gate

60 nm n+ GaAs Cap
200 nm Al.3Ga.7As

20 or 30 nm Al.9Ga.1As Barrier
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Figure 4.6: Device structure of the uEHBL, highlighting the (a) top-device and (b)
bottom-device, which it consists of. The top-device acts similar to a HIGFET, using
an electric field effect to pull carriers from the NiGeAu, n-type, self-aligned contacts
into the upper quantum well. The field is generated by the combination of the overlap
between the top-gate (Cap-layer) and SACs and the insulating properties of the 200
nm Al.3 Ga.7 As layer beneath the Cap-layer. Bottom-device also uses a field effect,
between the bottom-gate and the AuBe, p-type contacts, to pull carriers into the
bottom quantum well. This field is generated by the combination of the overlap of
the bottom-gate and overlap-contacts and the insulating qualities of the SiN layer.

operation this second voltage is referred to as the interlayer bias VIL when the bilayers
are finally established. The bottom-gate is ungrounded and a third voltage supply,
providing VBG , is attached to it, while the p-type contacts are all left grounded.
Turning on the bottom 2DHG device, while the top 2DEG device remains established, requires maintaining the net positive bias between VT G and VIL , while VBG
is set appropriately. This is usually accomplished by lowering all 3 voltage supplies
equally and simultaneously, until VIL is reached. With VIL and VT G now set appropriately, VBG can be lowered to its full operating bias. This leaves the voltage
supplies set so 0.0 > VT G > VIL > VBG . Similar to n, the density in the bottom
device p, is linearly proportional to VBG − Vthp .
The role of VIL is visible in Fig. 4.7; it effectively sets the energy difference
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Figure 4.7: Schematic of the typical operation of the uEHBL depicting the role
of VIL , VT G and VBG . VIL primarily determines the electric field across the barrier
region. It was assumed that EF,n is set to ECB in the top device and EF,p is set to
mid-gap EG /2 in the bottom device.

between the EF ’s in the conduction and valance bands and, thereby, the electric
field across the barrier region. This is not strictly equal to the difference between the
conduction and valence bands, the bandgap EG , plus the confinement energies in each
well, EC1 and EH1 , which together is roughly equal to ∼ 1.70 eV. Typical VIL ’s for
uEHBLs are in the range of 1.43 to 1.47 V. The difference (EG + EC1 + EH1 ) − eVIL
thus must account for the energy due to the presence of the electrons and hole
populations. Unlike the HIGFET, n and p are functions of all three voltages in
the device. This leads to an overdefined system and therefore we can match the
densities at slightly different values of VIL . An interlayer capacitance measurement
shows that overlap first occurs when VIL ' −1.37 V and by -1.5 V current begins to
flow dramatically between the layers.
The smallest values of n and p are determined by the uniformity of Vnth and Vpth
for the contacts. The largest value of n depends upon the current leaking between the
SAC and top gate. And the largest achievable p is dependant upon the VBG when
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the back gate begins to leak. These factors vary from sample to sample, making
them difficult to control.

4.5

uEHBL Transport Results

The basic transport data in Figs. 4.9 and 4.8 is from the working uEHBL device
with a 30 nm Al0.9 Ga.1 As barrier (Sample A). A full description of the experimental
setup is given in Appendix A. Summarizing, the measurements were all taken at T =
300 mK, using a standard low frequency AC lock-in technique, measured at 13 Hz.
Lock-in measurements are performed with a lock-in amplifier, such as the SRS830 by
Standford Research Systems coupled to a PAR113 from Princeton Applied Research,
which ideally allow the experimentalist to measure signals down to nanovolt range
and immediately give feedback as to whether the resistance being measured has
any significant out-of-phase signal, which implies an unwanted capacitive reactance
exists.
Fig. 4.8 shows the four-terminal Hall magnetoresistance RXY for this uEHBL
measured at VIL = −1.44 V with an applied perpendicular magnetic field. By varying VT G from -0.983 V to -0.733 V and VBG from -1.517 V to -2.02 V the n and p
were matched from roughly 4 × 1010 cm−2 to 1.2 × 1011 cm−2 , respectively. Here, the
densities in each 2DS are varied in 2 × 1010 cm−2 increments. The Hall plateaus are
vastly sharper in the 2DEG, reflecting the larger mobility of the 2DEG. The opposite slopes clearly demonstrates that both a 2DEG and 2DHG were simultaneously
established in this device.
Fig. 4.9 shows mobility versus density data for both the 2DEG and 2DHG in
this uEHBL. The behavior in this plot was typical of the other uEHBL devices as
well, with mobility µp of the 2DHG showing a saturation behavior near p ∼ 10 × 1010
cm−2 , while µn increases roughly linearly with n, well past n ∼ 10 × 1010 cm−2 .
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Figure 4.8: RXY measurements as a function of perpendicular magnetic field for
a uEHBL with a 30 nm Al0.9 Ga.1 As barrier. Positive and negative slopes clearly
demonstrates presence of both n- and p-type carriers in the upper and lower quantum
well of uEHBL device, respectively. Taken from [147].

Below this point, µn varies much faster with n than µp with p. Most importantly,
however, the results show that the densities in each well of this device can easily be
matched over the fairly large range of n = p ∼ 6 × 1010 cm−2 up to ∼ 10 × 1010
cm−2 . Balancing the densities was theorized to be important for showing exciton
condensation effects and, before it was explored, was considered vital for the work
in this thesis.[57]

4.6

Coulomb drag in a 30 nm barrier uEHBL

Coulomb drag measurements versus temperature of the uEHBL (Sample A) with
a 30 nm Al0.9 Ga.1 As barrier are shown in Fig. 4.10. The measurements in this tem-
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Figure 4.9: Mobility versus density results for a uEHBL with a 30 nm Al0.9 Ga.1 As
barrier (Sample A). Densities in each well, n and p, can easily be matched over the
fairly large range of n = p ∼ 6 × 1010 cm−2 up to ∼ 10 × 1010 cm−2 . Taken from
[148].

perature range clearly show the T 2 -dependence predicted by equation 3.26 for drag
in the weak-coupling case. This equation, however, underestimates the magnitude
by a factor of ∼ 5.5, which has been noted in previous works.[155, 74]
Measurements of ρD at different densities on the same uEHBL sample, along side
a result from Sivan et al. [155], are plotted on a log-log scale in Fig. 4.11. Here
ρD is found to decrease with increasing matched density n = p, again as predicted
by equation 3.26. Calculations using that equation were performed and found to
deviate from the measured values. Estimates of that deviation at each density and
for the result from Ref. [155] are given along the right axis of the plot in Fig. 4.11.
The deviations are in line with previous results.[74]
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Figure 4.10: (Color online) Coulomb drag ρD resistivity measurements versus temperature of a uEHBL with a 30 nm Al0.9 Ga.1 As barrier (Sample A). Densities in each
well, n and p, are matched at ∼ n = p = 12 × 1010 cm−2 . Taken from [147].
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Figure 4.11: (Color online) ρD as a function of T for a uEHBL with a 30 nm
Al0.9 Ga.1 As barrier at n = p ∼ 4, 6, 8, 10, 12 × 1010 cm−2 (Sample A). Taken from
[147].
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Chapter 5
Coulomb Drag in a Paired
Electron-Hole Bilayer

5.1

Introduction

In this chapter the final background aspects to the work in this dissertation,
Coulomb drag in a paired electron-hole bilayer, are considered. The key word in that
phrase is paired, which implies that the layers can no longer be considered entirely
independent, due to actual electron-hole pairing or otherwise. The results given
in Section 4.6 of the previous chapter showed Coulomb drag between independent
electron and hole 2D layers. Those results are in qualitative agreement with the
weak-coupling prediction for ρD in equation 3.26 and thus Fermi-liquid physics. A
paired electron-hole bilayer is expected to occur as the separation d between the
electron and hole layers is reduced and the density (n = p) of each layer is lowered,
such that the interlayer particle spacing becomes smaller than the intralayer particle
−1/2

spacing (d < n2D ). This should lead to the interlayer interaction dominating and,
eventually, electron-hole pairing. The expectation for paired electron-hole bilayers
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is a departure from Fermi-liquid physics in seen in the Coulomb drag and, possibly,
transport behavior.
Paired electron-hole bilayer is an appropriate phrase for this discussion since the
phrase is sufficiently vague to encapsulate the significant ongoing debate surrounding
the experiments in this dissertation and, for that matter, the entire field of spontaneous coherence in semiconductor systems, of which this research is merely a subset.
Reviews of the current state of this field, and some of the debate, are given by David
Snoke in Refs. [159, 157, 158]. The field’s guiding theme is that spontaneous coherence is expected for any integer-spin quasiparticle with an effective mass (i.e. excitons, polaritons, etc.), by means of a thermodynamic transition exactly analogous to
Bose-Einstein condensation (BEC), into a state selected by the system itself. While
strictly speaking, a true BEC may not be possible in two dimensions, a related transition known as the Kosterlitz-Thouless superfluid (KTS) transition can occur.[80]
Regardless whether the nature of any possible phase transition ends up being more
BEC-like (low density) or BCS-like (high density, similar to a superconductor), it
was predicted that superfluidity results in either case and, thus, an indication of
superfluidity was the actual target of the Coulomb drag measurements.[94, 172]
This chapter is broken into separate theory and experimental sections. The former
follows the original proposal by Vignale and MacDonald to use Coulomb drag as a
means to observe pairing in electron-hole bilayers.[172] Subsections included here
discuss all aspects related to this proposal including exciton formation, since the
exciton may result from electron-hole pairing at low density, BEC, since excitons, as
bosons, are predicted to condense at low temperatures, BCS-like condensation, which
the original Vignale proposal follows, and the other types of possible phase transitions
that may form, including density modulated (DM) phases such as a charge density
wave (CDW). The effects of a CDW phase on Coulomb drag are also considered.
The experimental section is adopted from Refs. [148, 146], studies in which the
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author shared an active role. These studies showed some of the first experimental
evidence from the Sandia group for the aforementioned departure from Fermi-liquid
physics in the Coulomb drag measurements of electron-hole bilayers. Again, this
evidence is complementary to results from the Cambridge group, which are included
in the discussion.[34, 31, 32]

5.2

Theory

Vignale and MacDonald’s proposal assumes a superfluid condensate forms in a
system of spatially separated layers of electrons and holes, such as the electron-hole
bilayer device. Their microscopic approach follows the BCS mean-field theory in Ref.
[166] to describe the pairing. They later caveat this approach, however, as only one
of at least two possibilities, the other being a low-density, BEC-like condensation
of excitons, and as only being analogous to the actual expected superfluid transition, which is of the Kosterlitz-Thouless type. The latter is suspected to lead to
some quantitative corrections of their microscopic theory, but not change the overall
qualitative results from condensation.
However, these details are somewhat ancillary to the fundamental point in their
proposal, which was to explicitly show that any increasing superfluid condensate
density leads to a diminished quasiparticle density, resulting in a dramatic increase in
the Coulomb drag signal and thereby providing unambiguous evidence for electronhole pairing.[172] Increased superfluid condensate density occurs with decreasing
temperature so measuring the drag as a function of temperature would be an ideal
means for detecting electron-hole pairing, since pairing would result in an explicit
departure from Coulomb drag’s well known T 2 -dependence. That same basic idea was
also applied in other proposals for electron-hole pairing in bilayers from Hu, Joglekar
and Zhou, although they describe their pairing mechanisms differently.[57, 65, 181]
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Understanding the Vignale-MacDonald proposal, and the other’s, thus requires
a basic understanding of the Coulomb drag technique, which was covered in Sec.3.6,
the same in the presence of a superfluid condensate, and finally, some fundamental
physics regarding BCS-theory, excitons in electron-hole bilayers, Bose-Einstein condensation of excitons, and Kosterlitz-Thouless transitions, all of which are discussed
and may be related to the effects observed in the experimental section which follows.
Following this a brief discussion of some of the most convincing evidence for spontaneous coherence in semiconductor systems is also given, including optical studies
of indirect excitons, excitons in half-filled Landau levels at high magnetic fields, and
polaritons, or excitons inside semiconductor micro-cavities.
For completeness, a discussion on collective modes in spatially-separated, twocomponent, 2D plasmas is also given since the most recent measurements on transport in electron-hole bilayers tends to support this outcome.[32] These modes are the
source of density modulated phases, specifically the CDW and WC phases. Here,
the theory behind DM phases is briefly outlined and an estimation of the effects of
a CDW phase on Coulomb drag in an electron-hole bilayer is also given. This estimation qualitatively shows that a CDW phase may cause a similar departure from
Fermi liquid physics as the formation of a superfluid condensate would.

5.2.1

Coulomb Drag of an Electron-Hole Bilayer in the Presence of a Superfluid Condensate

Summarizing up to equation 7 of Ref. [172], a simple Drude-like approach to
drag in the presence of a superfluid condensate, using matrix notation to track the
layer indices, is taken in the following. When a superfluid condensate is present, the
current j = (jh , je ) carried in each layer can ideally be broken up into two currents:
a superfluid current js = (jsh , jse ) carried by the condensate and a normal current
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Figure 5.1: Schematic of the superfluid condensate current js in an electron-hole
bilayer with interlayer separation d. The electron-hole pairs constituents move in
the same direction with a velocity Ppair /mpair , where Ppair is the pairing momentum
and mpair = m∗h + m∗e is the pairing mass. The superfluid currents in each layer are
thus equal and opposite (jsh = −jse ). Adopted from [94].

jn = (jnh , jne ) carried by the non-condensed quasiparticles:
j = js + jn .

(5.1)

The superfluid current, carried by the condensate, is given by




. Ppair enpair  1 
js =
,
mpair
−1

(5.2)

where Ppair is the pairing-momentum directed along the direction of the current,
npair is the density of pairs, and mpair = m∗h + m∗e is the pairing mass. The (1,-1)
indicates the current here is for an oppositely charged bound pair, as shown in Fig.
5.1, and thus the superfluid currents are equal and opposite to each other (jsh = jse ).
If electric fields are present in the layers then a normal current is generated,
carried by the non-condensed quasiparticles, which drives the quasiparticles from
equilibrium with the condensate. The normal current is given by (eqn. 2 in Ref.
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[172])

.
jn = σ qp E =

σ qp
 hh
qp
σeh

 

qp
σeh

qp
σee

·


Eh
Ee

,

(5.3)

where E represents the fields in each layer and σ qp is the quasiparticle transconductivity matrix.
The pairing-momentum Ppair is set by assuming that the superfluid will minimize
dissipation, the amount of work it does due to friction. The Joule heating expression
for the latter is (eqn. 3 in [172]):
 
 


Ppair enpair
Ppair enpair
qp
qp
. jh − mpair  ρhh ρeh  jh − mpair 
·
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W (P ) = jn · E = 
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enpair
Ppair enpair
qp
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ρ
ρ
je + pair
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+
e
ee
eh
mpair
mpair

(5.4)

where the full expression for js has replaced jn = j − js and using E = ρqp jn , where
ρqp is the quasiparticle transresistivity matrix.
Minimizing equation 5.4 is found to require js ·E = 0 (eqn. 4 in [172]), or that the
superfluid current has no friction, as one would expect. This expression also implies
Eh = Ee , or that the electric fields in each layer are equal regardless of the currents
or ρqp , since again, by definition, jsh = −jse . Combining the expressions above, the
fields in each layer are given by (eqn. 6 in [172])
Eh = Ee = ρcd (je + jh ),

(5.5)

where ρcd is an overall condensate drag resistivity in the presence of a superfluid,
given by(eqn. 7 in [172])
qp
qp 2
ρqp
ee ρhh − (ρeh )
qp
qp
ρqp
ee + ρhh − 2ρeh
1
=
qp
qp
qp .
σee + σhh + 2σeh

ρcd =

(5.6)
(5.7)

Thus, before any microscopic mechanism of electron-hole pairing has been discussed
it becomes evident that in the presence of a superfluid condensate consisting of
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electron-hole pairs in a bilayer, the Coulomb drag will ultimately diverge as temperaqp
ture decreases since both intralayer resistivities ρqp
ee and ρhh → ∞ as the quasiparticle

density decreases. Thus, the qualitative behavior expected to indicate electron-hole
pairing is measuring an increasing ρD with decreasing T , which is a dramatic departure from the Fermi-liquid, T 2 -dependence of equation 3.26, previously derived for
Coulomb drag in Section 3.6.2.
For comparison sake, Joglekar et al. used a similar approach, breaking the current
up into a dipolar supercurrent, related to phase of the condensate order parameter,
and a normal, quasiparticle current, to determine drag voltage in the presence of a
condensate.[65] Upon close inspection, their expression for drag voltage was equivalent to equation 5.5.1
The essential ingredient which both authors include to arrive at their drag voltage
expressions is the existence of dissipation free current. Vignale et al. treated this
this by assuming that the pairing momentum will be determined by minimizing the
dissipation.[172] This immediately showed that the electric fields in each layer would
be equal and that the condensate current would had zero dissipation. Joglekar et al.
treated the dissipation more directly, by including an expression for dipolar supercurrent related to the phase of the condensate order parameter.[65] The existence of this
dipolar supercurrent term was argued by Balatsky et al., where it was shown that in
contrast to an ordinary superfluid, the phase of the dipolar superfluid order parameter couples to the difference of the gauge potentials between the two layers.[10] This
work also predicted the dipolar supercurrent could be tuned by an in-plane magnetic
field, which, in part, motivated the drag in magentic field experiments in Chapter 8.
1 While

a small disagreement exists between the expression for drag voltage in Ref.
[65] and equation 5.5, which followed from Ref.[172], a closer inspection of that work
revealed a simple error in the expressions for quasiparticle symmetric and anti-symmetric
conductivities and transconductivities. Letting σs(d) = 12 (σee ±σhh ) and ηs(d) = 21 (σhe ±σeh )
in Ref.[65] leads to expression for ρcd exactly equivalent to eqn. 5.6, which again followed
from Ref. [172].
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Additionally, it was argued by Vignale et al. that if the densities were in fact
low enough, then exciton formation in the normal state may occur first, followed by
Bose-Einstein condensation of the excitons at lower temperatures.[172] Even in the
normal state, these excitons, electron-hole pairs, would exhibit strong electron-hole
correlation leading to a large drag resistivity. If BEC of the excitons occurred at
lower temperatures, then equation 5.5 would still apply following merely from the
possibility of dissipation-free conduction.
While, again, technically a BEC in strictly two-dimensions is not possible due to
the broken continuous translational symmetry and the associated transverse fluctuations, the 2DEG and 2DHG of an electron-hole bilayer have a finite width so they
are not strictly two-dimensional, which relaxes this condition.[129] Furthermore, in
the strict 2D limit, which may still apply, an exactly analogous Kosterlitz-Thouless
superfluid (KTS) transition may occur in place of BEC.[80] The KTS transition is
based on the disappearance of topological long-range order. For neutral superfluids, the case here, it is associated with the instability of persistent currents, where
Bose condensation occurs in small regions of the system so that locally a condensate
wavefunction can be defined. Any differences in these microscopic theories might
only result in a slowing down or spreading out of the divergence of the drag signal
as temperature was decreased.
Finally, based on the discussion above it is worth speculating on whether this
apparent requirement for superfluidity must be strictly enforced for drag to diverge,
such as it does. Other studies, some of which exclude the possibility for a superfluid
condensate, have calculated many different possible low temperature ground states
for the electron-hole bilayer, including Wigner crystals (WC) and charge-density
waves(CDW), as well as, several less well known possibilities (i.e. Fulde-FerrelLarkin-Ovchinnikov phase).[38, 26, 153, 164, 2, 93, 96, 57, 123, 10, 65, 115, 131,
7, 132, 179] Again, formation of a DM phase is briefly discussed in Section 5.2.5
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below, where a simple qualitative estimate for the drag behavior in the presence of
a CDW phase is also given. This estimation qualitatively shows the CDW phase
will support an upturn in drag at low temperatures similar to what a superfluid
condensate is expected to.
Thus, in conclusion, the main point of this section was the following: regardless of
the physical mechanism causing the electron-hole pairing, or non-pairing as the case
may be, any dissipation free conduction in the electron-hole bilayer will always lead
to a increase in drag signal due to the requisite reduction in quasiparticle density.
While the microscopic details of condensate formation are ancillary to this conclusion,
for completeness, the subsequent theory sections will look at the different aspects of
those condensates.

5.2.2

Excitons

Exciton formation is considered one possible microscopic mechanism that may
alter Coulomb drag of closely-space electron-hole bilayers. An exciton in a semiconductor consists of an electron bound to a hole by the Coulomb interaction between
them. The constituents of the e-h pair reside, in almost all cases, in the conduction
and valance band, respectively.
Excitons are elementary excitations, usually generated by exciting an electron
from the valence band into the conduction band using a photon of light. The missing
electron in the valence band, the hole, that remains has a net positive charge and
is attracted to the excited electron by the Coulomb force. The energy due to the
electron-hole attraction, the binding energy, reduces the exciton’s energy below that
of an unbound electron and hole.
Excitons come in two types, Mott-Wannier and Frankel, depending on whether
the extent of their wavefunctions is over many unit cells or a few unit cells, respec-
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tively. Only the former is typically found in semiconductors, which allows for them
to be described by an effective mass theory. While excitons have a similar form of
potential as the hydrogen atom, the Coulombic central potential, the material in
which the exciton resides exerts a dramatic influence upon the energy and wavefunction, causing the exciton binding energy to typically be far less than in a hydrogen
atom.

Exciton Binding Energy and Bohr Radius
The material exerts this influence on binding energy through the small, effective
mass of the constituents in the material and the macroscopic dielectric constant of
the material, which describes the screening properties if the ”Bohr radius” of the
exciton is large compared to a lattice spacing, as it would be for a Mott-Wannier
type exciton. This influence is reflected by the effective mass equation for excitons
in the bulk (3D) given by Ref. [154] as
·

¸
h̄2 2
e2
h̄2 2
∇ −
Ψex = EΨex ,
− ∗ ∇e −
2me
2m∗h h 4π²|re − rh |

(5.8)

where |re − rh | is the difference in the electron and hole positions. This is a two-body
problem and following the standard transformation to a one-body problem, using a
reduced mass m∗r and moving into the center-of-mass reference frame, leads to energy
levels similar to the hydrogen atom-like problem. The energy of the excitonic state
is always measured with respect to the energy of the state without the Coulomb
interaction, which is the bandgap EG . The mid-gap exciton energy levels are given
by

Enex

m∗r e4 1
= EG − 2
2h̄ (4π²)2 n2
Rex
= EG − 2 ,
n

(5.9)
(5.10)
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where Rex denotes the bulk exciton Rydberg or binding energy. Using ² = 12.8 and
m∗r = .056me for bulk GaAs, the binding energy equals Rex ∼ 4.7 meV. Bulk GaAs
excitons have a Bohr radius aex = (²me /²0 m∗r ) ∼ 11.9 nm. This shows that the
exciton is large enough, far larger than the hydrogen, for a static dielectric constant
to describe the screening and, correspondingly, it has a binding energy smaller than
hydrogen by several orders of magnitude (Ry = 13.6 eV).
Enhancing or diminishing the 3D exciton binding energy can accomplished by
changing the exciton’s environment. First, it can be increased by a factor of ∼ 2 to
4 by confining the exciton to a properly sized quantum well, which also reduces the
exciton radius. Second, applying an electric field also alters Rex . For bulk excitons,
the field ionizes the exciton, pulling the electron and hole apart. For excitons in
a quantum well, a transverse electric field, applied perpendicular to the quantum
well, leads to a separation of the electron and hole wavefunctions which reduces
the binding energy by a few meV (2 to 3 meV for fields up to 100 kV/cm). These
circumstances are the settings for the Franz-Keldysh effect and the quantum confined
Stark effect.[154]
While two of these conditions, confinement of the exciton to quantum wells and
applied transverse fields, apply in some manner to the uEHBLs used in this dissertation, there are added complications, such as the spatially-separated nature of the
electron-hole pair in the uEHBL, which is discussed in this section further below.

Spatially-Separated Excitons
The possibility for exciton condensation in bulk semiconductors was first considered by by Keldysh and Kopaev in 1965.[71] It was later realized, however, that
recombination between bands of paired electrons and holes prevented condensation
effects from occurring, due to the related broken symmetry, which lifts the degener-
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acy of the state of the system with respect to the phase of the order parameter and
disturbs the coherence.[52] This issue thus led Lozovik and Yudson to propose the
idea of using systems of spatially separated electrons and holes, which dramatically
reduced the recombination effects, to observe condensation effects such as superfluidity in 1975.[94]
One approach to spatially-separated electron-hole bilayer systems use double
quantum wells to contain the excitons. These indirect excitons are bound-states
of conduction-band electrons in one well and valence-band holes in an adjacent well.
The separation between the electrons and holes reduces the rate at which they recombine into photons, resulting in a radiative lifetime of indirect excitons that is more
than three orders of magnitude longer than that of direct excitons in single quantum
wells.[95] Spatially-separating the electrons and holes also leads to a reduction in the
binding energy.[165]
Additionally, the spatial separation between the electrons and holes causes the
excitons to act like oriented electric dipoles that have repulsive interactions.[10] The
repulsion is advantageous for exciton condensation: it stabilizes the exciton state
against formation of metallic electron-hole droplets, clumping into an uninteresting
electron-hole plasma[184] and it results in effective screening of an in-plane disorder
potential.[18] This repulsive interaction also leads to an enhancement of the exciton
energy with increasing density.[22]
For optically-generated spatially-separated excitons, an electric field in the zdirection, controlled by an externally applied gate voltage, is used to switch the
excitons from the direct regime to the indirect regime. Optically generated excitons
have issues with thermalization since the photo-generated carriers are ”hot” and
must relax down to the temperatures of the cold lattice. This occurs via emission
of bulk longitudinal acoustic phonons, and is about three orders of magnitude faster
for excitons in quantum wells versus in the bulk.[62] However, in direct contrast
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to optically-generated excitons, the excitons that might reside in uEHBLs, if they
form, would be electrically-generated and ideally have quasi-infinite lifetimes, thus
eliminating any thermalization issues.

5.2.3

Condensation

A condensate is the single quantum entity formed from constituent particles
whose wavefunctions all overlap to the point they cannot be distinguished from one
another. If two Fermions, such as the electrons and holes in an electron-hole bilayer
like the uEHBL, pair up than together they act like a boson and, as such, can enter
pairwise into a quantum condensate. There is, however, a spectrum of interaction
type over which pairing this occurs that depends on the density.
To examine this spectrum the extrema are considered in the following. At low
particle density the pairing is strong and particle-pairs form first and then, at lower
temperatures, the pairs collapse into a Bose-Einstein condensate (BEC) (see below),
the ground state. The recent atom trapping experiments fall into this regime, which
is, henceforth, referred to as a BEC-condensate.
At the opposite extreme, high density, the particles never really become individual
pairs, but due to their weak attraction they enter a correlated, but unbound state.
This regime applies to the Cooper pairs in superconductors and is referred to as a
BCS-condensate, in reference to its inventors, Bardeen, Cooper and Schrieffer.[12]
For superconductors, the Cooper pairs are pairs of electron which attract one another
by interacting through the vibrating crystal lattice (the phonons).[47]
The BCS theory, however, is sufficiently general that any attractive potential will
suffice to cause this ”pairing”. This is what led to the initial interest in the possibility for exciton condensation in bulk semiconductors, which was first considered by
Keldysh and Kopaev.[71] While a bulk exciton condensate was later determined to
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be an insulating plasma due to the interband transitions which fix the phase of the
order parameter[52], the use of spatially-separated electron-hole pairs or ”indirect”
excitons was predicted to mitigate this issue sufficient for a real phase transition to
occur.[94, 95]

Bose-Einstein Condensation
Predicted by Einstein in 1924, Bose-Einstein condensation (BEC) is a consequence of the unique statistical behavior of bosons, which unlike their fermionic
cousins, can crowd into the same quantum state.[40] At low temperatures, as Einstein realized, essentially all the bosons in a macroscopic system would spontaneously
”condense” into the lowest quantum state. This would result in the macroscopic
properties of a system, such as conductivity and heat capacity, becoming dependent on a single wavefunction, promoting quantum physics to the macroscopic level.
A BEC is thus a highly-ordered state in which the wavefunction phase is coherent
over distances much longer than the inter-particle separation. This long-range phase
coherence leads to spectacular effects such as superfluidity, which is the ability for
matter to flow around obstacles with extremely weak dissipation.[41]
Observation of superfluidity in helium-4 atoms in 1937 was the first evidence of
condensation occurring. Only recently, however, was the first evidence of ”pure”
BEC-condensate, as Einstein originally envisioned it, found by Eric Cornell and Carl
Wieman, who in 1995 cooled rubidium-87 atoms below 170 nK using laser cooling
and magnetic evaporative cooling. These two shared the Nobel Prize in Physics in
2001 with Wolfgang Ketterle, who had made a condensate of sodium-23 large enough
to demonstrate quantum interference effects, thereby proving the phase coherence of
the condensate.[29, 78]
As stated in Ref. [172], if the density is low enough the electron-hole bilayer
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may result in exciton formation followed by BEC at lower temperatures. In this
scenario, even in the normal state the Coulomb drag magnitude would be significantly
enhanced due to the strong electron-hole correlation. Once the BEC forms, however,
the drag signal diverges as a consequence of the superfluidity which, again, causes
a reduction in the normal state, quasiparticle density. Coulomb drag of the uEHBL
was typically found be to significantly enhanced above the weak-coupling prediction,
which was previously discussed in Section 4.6.

BCS-Condensation
The BCS-condensate is analogous to, but not identical to, the familiar BECcondensate.[166] Summarizing, in BCS-theory any attractive interaction between
Fermions causes an instability of the ordinary Fermi-sea ground state of the system
with respect to the formation of bound pairs of these particles.[28] This occurs due to
Fermi statistics and the existence of the Fermi-sea background.[166] The instability
manifests as an energy gap ∆, of order kB TC , between the ground state and the
quasi-particle excitations of the system. The bound pairs continue to condense until
an equilibrium is reached, when the binding energy for an additional pair goes to
zero. A coherence length for the particle-pairs, much larger than the interparticle
distance, implies that the pairs in BCS-condensate are highly overlapping with each
other.
In Ref. [172], Vignale et al. shows that only a slight modification of the normal
BCS-theory found in Ref. [166] is require to solve for the energy gap ∆, which
determines the condensate density, in electron-hole bilayers. Here, the attractive
interaction at the root of the pairing is due to the Coulomb potential. Vignale’s
modification accounted for the proposed pairing of electrons and holes with different
effective masses by cleverly devising symmetric and antisymmetric ”quasiparticles”
∗−1
± m∗−1
with masses 2m−1
± = me
h . Using these the BCS gap equation will correctly
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reduce to its textbook form for superconductivity if the electron and hole masses were
suddenly to become equal. As shown by Fig. 1 in Ref.[172], the gap of the electronhole bilayer BCS-condensate is expected to behave exactly similar to the gap of
a superconductor, increasing exponentially with decreased temperatures, while the
quasiparticle intralayer conductivities and transconductivity exponentially decrease
to zero, causing the ρCD to diverge.
Generally speaking, the BCS-theory is a mean-field approach so it works in both
the high and low-density limits.[184] This also makes it appropriate for studying the
BCS-BEC crossover, as shown in Ref. [131].

5.2.4

Exciton Condensation

The initial excitement regarding exciton condensation decades ago was, again, in
regards to the fact that the exciton mass mex was very small, even smaller than the
electron mass, so that an exciton BEC was expected to occur at temperatures several
orders of magnitude higher than for atoms making it relatively easier to achieve. As
discussed above, two regimes of exciton condensation are thought to exist depending
on the exciton density. In the dilute limit (naD
ex << 1, where D is the dimensionality),
excitons exist well above the critical temperature TC , the exciton density is fixed and
does not change at TC . A BEC-condensate is expected to form at a TC ∼ 1 K. In the
dense limit (naD
ex >> 1) excitons are analogous to Cooper pairs and the condensate
is analogous to the BCS superconductor state.
While again, strictly speaking, a BEC is not thought to occur in two-dimensions
due to transverse fluctuations[56], the analogous KTS transition is predicted to. More
accurately, one can describe the uEHBL as a 2D spatially confined system, where
the phase transition is known to occur at a transition temperature[19]
TcS ≈

2πh̄2 nex
,
kB mex gex ln(nex S/gex )

(5.11)
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where S is the area of the 2D system, nex is the exciton density, m∗ex = m∗h + m∗e is
the exciton mass (≈ .44me for a 18 nm quantum well), and gex = 4 is the exciton
spin degeneracy. For nex = 6.5×1010 cm−2 excitons in a 1 µm radius spot, a TcS ≈ .3
K is found. S will be determined by large-scale random potential fluctuations due
to variations in the quantum well width.[184] These fluctuations function as exciton
traps; the typical disorder energy is ∼ 1 meV.[15]

Exciton Condensation in Quantum Hall Bilayers
Some compelling evidence for exciton condensation has occurred in semiconductor
bilayers before, just not in electron-hole systems. Rather electron-electron systems in
high magnetic fields have produced effects consistent with exciton condensation. How
this type of system, composed entirely of electrons, can lead to exciton formation
is in part a consequence of the additional confinement in the X-Y plane due to the
perpendicular magnetic field. This is explained further in the following, which is
taken from the review of this topic given in Ref. [41]. First, spontaneous coherence
and superfluidity were already predicted to occur in electron-electron bilayers well
before they were connected to predictions for the electron-hole bilayer condensation
issue.[45, 176] Two-dimensional electrons in high magnetic fields follow small radius,
cyclotron orbits with quantized kinetic energy; the sets of these highly degenerate
orbit states are called ’Landau levels’ (LL). The high degeneracy occurs because
the orbit states can spread out all across the entire 2D plane. In the lowest-energy
Landau level the number of degenerate states is equal to the number of quanta of
magnetic flux that pass through the electron layer, making it easy, at high fields, for
the degeneracy to outnumber the electrons in each layer.
The number of completely filled LL’s is described by the filling fraction ν; at
high fields, where degeneracy outnumbers the electron population, ν thus becomes
a fraction. At ν = 1/3, for example, the 2D plane area will be 2/3 empty of orbiting
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electrons. These empty orbits can, in fact, be treated as ’holes’, which pair up with
the electrons in the opposite layer to form excitons. To create an exciton BEC,
ideally the populations of electrons and holes should be equal so ν = 1/2 is needed
in each layer.
The evidence for exciton condensation in quantum hall bilayers at νT = 1/2 +
1/2 = 1 came first in the form of quantized Hall drag with vanishing longitudinal
drag.[76] Later, more dramatic evidence in the form of counterflow measurements
were produced with both electrons[75] and hole [168] bilayer samples. Counterflow
measurements are discussed in Appendix B; the general idea is that by flowing currents through both layers in opposite directions a neutral current of excitons can be
arranged, similar to the schematic shown in Fig. 5.1. For quantum Hall bilayers, in
the counterflow arrangement both the Hall and longitudinal resistance vanished at
νT = 1. Evidence for coherence in these systems was shown by a giant enhancement
of the zero bias interlayer tunneling conductance.[161]

Polariton Condensation
Studies of optically-generated excitons have found evidence for a number of fascinating many-body effects including enhanced exiciton mobility, increased radiative
decay rate, and photoluminescence noise, all of which suggest collective, possibly
coherent, behavior.[23, 21] Still, none of this was compelling enough to call it an
exciton BEC.
Polaritons, on the otherhand, have shown some dramatic evidence for spontaneous coherence or BEC. Polaritons are a coupled exciton and photon in semiconductor microcavity, Because the photon is massless and the exciton mass is very
small, the polariton has a mass as small as .0001me ; thus, its predicted to condense
at even higher temperatures than the exciton.[122] Cooling and trapping these po-
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laritons long enough to equilibrate can be difficult since they only have a lifetime of
picoseconds. However, the scattering processes are still fast enough for this to be
enough time for thermalization of the polaritons to occur.
The first compelling evidence for BEC of polaritons in cadmium telluride was
found by Kasprzak et al. in 2006.[70] Here, massive occupation of the ground state
at 19 K, an increase in temporal coherence and the build-up of long-range spatial
coherence and linear polarization were found, all of which indicated the onset of a
spontaneous macroscopic quantum phase or coherence.
Later, Balili et al. actually trapped the polariton gas using a sharp pin to make
an inhomogeneous strain on the microcavity.[11] Exciton energy levels shift under
applied strain, moving in and out of resonance with the photon and thereby weakening or strengthening the polariton binding energy. Thus, the pin acts like a harmonic
potential trap, to which polaritons, generated up to 50 µm away, will drift into. At
high enough density, signatures of BEC were evident, including first-order coherence.

5.2.5

Collective Modes of Spatially Separated, Two-Component,
2D Plasmas in Solids

One other possible source for phase transitions in electron-hole bilayers, which
has only recently been reconsidered in Ref. [32], is the presence of collective modes
in the bilayer system. This topic is briefly discussed again later in Section 8.3.2. In
plasma physics these ”two-stream instabilities” are caused by the counter-streaming
of particles in a plasma; they can lead to exponentially growing density perturbations
in a collisionless plasma without external perturbation.
For plasmas in a solid, such as in the uEHBL, these collective modes were thought,
at one time, to possibly be negated by scattering. However, Hu et al. has shown
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that similar collective mode instabilities can arise in solids in the presence of external
fields.[58] Other studies, which neglect scattering effects, found instabilities without
the presence of am external field.[1, 93, 92, 116, 115] Theoretically, the phase transition, if any, would appear as zeroes in the related two-component dielectric matrix
²(q, ω),[58, 38] which relates the externally applied potential to the total potential in
the system according to
²(q, ω)Vtot (q, ω) = Vext (q, ω).

(5.12)

For ²(q, ω) = 0 this relationship implies the existence of a finite Vtot , even when
Vext = 0. Following Refs. [58, 38], in two-dimensions this relationship becomes
²·Vtot = Vext , where V = (Ve , Vh ) is the two-component vector of the layer potentials
and ² is given by

²(q, ω) = κ 


1 − Vee (q)χe (q, ω)
−Veh (q)χe (q, ω)

−Vhe (q)χh (q, ω)

.
1 − Vhh (q)χh (q, ω)

(5.13)

Here Vii (q) denotes the fourier transform of the intra- and interlayer Coulomb interaction potentials, χi is the single-layer susceptibility function and i is the layer
index. Susceptibility relates the density to the total potential; in two-dimensions,
χi = δni /Vtotal,i , where Vtot,i = Vext,i + Vind,i . Analogously, a nonzero Vtotal can occur
when the determinant of equation 5.13 equals zero, again, even if Vext = 0.
Equivalently, a phase transition due to collective modes (CDW, WC, etc.) may be
signaled by a divergence in the susceptibility matrix or density-density linear response
function χll0 (q, ω) of the coupled e-h bilayer, which plays a central role.[1, 93, 115, 32]
It describes how an external potential Vlext couples to the particle density in each
layer δρl (q, w), where l is the layer index (e,h). By definition, that relationship is
formally expressed as (eqn. 2 in Ref. [116])
δρl (q, w) =

2
X

χll0 (q, ω)Vlext
(q, ω).
0

(5.14)

l0 =1
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A typical approach to determine χll0 using the Singwi-Tosi-Land-Sjölander (STLS)
approximation is outlined here. The STLS approximation accounts for the effects of
short-range intra- and interlayer correlations among carriers in the wells with a local
field correction (LFC) factor Gll0 (q, ω) (see eqn. 5.15 below). Following Moudgil
et al.[115], the density response function χll0 (q, ω) requires knowledge of the LFC
factor Gll0 (q, ω). The LFC, in turn, requires knowledge of a static density structure
factor Sll0 (q, ω). The latter is related, in turn, to the imaginary part of χll0 (q, ω)
according to the fluctuation-dissipation theorem. Thus, equations for all three of
these functions must be solved self-consistently.
When diagonalized the matrix elements in equation 5.14 become (eqn. 1 in Ref.
[93])
χ± (q) =

2
q
, (5.15)
2
−1
−1
−1
−1
2
χee (q) + χhh (q) ± (χee (q) − χhh (q)) + 4[1 − Geh (q)]Veh (q)
2

exp−qd is the Fourier
where χll (q) are the static single layer responses, Veh = − 2πe
q
transform of the interlayer Coulomb potential and Geh (q) is the LFC factor. For the
e-h bilayer, the in-phase component of susceptibility can diverge, while in e-e bilayers,
it is the out-of-phase component that diverges.[116] The interlayer LFC is larger in
magnitude in the case of an attractive potential,[93] so a divergence in equation
5.15, signaling formation of an inhomogeneous state (CDW, WC, etc.), is easier
for electron-hole bilayers than electron-electron bilayers.[32] Numerical studies have
shown that the peak in χll0 (q, ω) is also strongly temperature dependent, becoming
larger as temperatures decreased.[92] Finally, for calculations that include the massasymmetry of the electrons and holes, the correlations among the holes leads to a
stronger modulation in the 2DHG compared with the 2DEG.[115] This prediction
was consistent with calculations by Ludwig et al., who used path-integral Monte
Carlo methods to show the real-space distribution of electrons and holes in a bilayer
at low temperatures.[98] In that work, the holes showed density modulations much
earlier than the electrons were predicted to.
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Figure 5.2: (Color online) Plots of the expression in equation 5.16 as a function of
matched density. Tracces show the strongest qualitative change in VD for the lowest
density.

Using a similar approach, a phase diagram which includes a liquid, Wigner crystal
and, at lower interlayer separation, a charge density wave phase was predicted.[115]
These types of states require high mobility to begin with, so that conventional localization mechanisms do not dominate. They also tend to lead to increased intralayer
resistance, which may explain the metal-insulator transition effect recently discovered in electron-hole bilayers.[32] Furthermore, the existence of a CDW phase is not
expected to eliminate the possibility for an excitonic phase, described above, to occur in electron-hole bilayers. The CDW phase may well just be the precursor to the
excitonic phase.[92] These effects are discussed further in Section 9.1.
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Coulomb Drag in the presence of a Charge Density Wave phase
A simple qualitative estimation of how formation of a CDW phase might affect
drag was recently shown by Croxall et al.[32] Consider the situation where a long
wavelength, in-phase modulation δ of the densities in each layer (n, p) exists. Here,
the densities in successive half-cycles of the inhomogeneous state are now n − δ and
n + δ, and likewise in the 2DHG. The drag voltage contributions from each half-cycle
add in series and over each half-cycle the contribution can still be assumed to be
proportional to (np)−3/2 , following from equation 3.26, where n and p are now local
densities. Thus, two adjacent half-cycles would have a drag voltage dependence on
δ given by
VD ∝

1
(n +

δ)3/2 (p

+

δ)3/2

+

1
(n −

δ)3/2 (p

− δ)3/2

.

(5.16)

Plots showing the qualitative change of VD , normalized to its V (δ = 0) value, as a
function of δ are given in Fig. 5.2. The traces here show that VD is expected to
increase for all δ > 0, with stronger changes occurring as matched density n = p
was lowered. Since the CDW phase is expected to become stronger as temperature
is lowered,[92] the expectation for drag in the presence of a CDW phase is similar
to that of formation of a superfluid condensate; at lower temperature the Coulomb
drag will diverge.
Since the expectation is for the 2DHG to show density modulations much earlier
than the 2DEG,[98] the question could be asked whether a density modulation in one
layer would still lead to an upturn. This behavior is confirmed by Fig. 5.3, where
the same trace from Fig. 5.2 at n = p = 6 × 1010 cm−2 is plotted alongside the case
for zero density modulation in the 2DEG(δn = 0). Single layer modulation would
lead to a weaker upturn in the Coulomb drag.
Based on these estimates, it is worth considering whether this drag behavior
would necessarily be symmetric under layer reversal. While equation 5.16 is only a
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Figure 5.3: (Color online) Plots of expression in equation 5.16 as a function of
matched density, where δn = δp or 0. Traces show similar qualitative changes in VD
for single and double layer modulations.

qualitative estimate, it obviously preserves this symmetry. However, it is also worth
mentioning here that in the approach to solve for χ± (q) taken by Moudgil et al. in
Ref. [115], which leads to density modulated phases, the mass asymmetry was in fact
found to lead to asymmetric interlayer LFC factors. Moudgil, however, deliberately
removes this asymmetry by taking the average of both to preserve the symmetry of
χll (q) under layer reversal. The possible effects of removing this averaging should
necessarily be considered in the future. These issues are revisited later in Chapter
9 during the discussion about the lack of symmetry under layer reversal observed in
the measurements (see Section 5.3.3 below).
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5.3

Experiment

In this section, some of the first experimental evidence for electron-hole pairing is
revisited and expanded upon.[148, 146] The main result discussed here and which led
to the studies in the following chapters was an increasing drag signal with decreasing
temperature for samples with 20 nm Al0.9 Ga0.1 As barriers at T ≤ .5 K. This upturn
was not present in uEHBL samples with larger barriers. This non-Fermi liquid
behavior gave some indication that a phase transition had occurred. The remaining
open questions regarding the nature of the transition are discussed along with some
new measurements.2

5.3.1

Introduction

Recently discovered experimental evidence consistent with some aspects of electronhole pairing and DM formation in GaAs/AlGaAs based electron-hole bilayers using
transport measurements is presented again in the following. The bilayer measurement
technique of Coulomb drag,[50] where driving current in one layer builds a voltage in
the other due to friction, is well suited for exploring the interlayer coupling.[172, 57]
At high temperature or for large-barrier uEHBL devices, the Coulomb drag signal
was found to be consistent with Coulomb scattering between two Fermi systems.
For small-barrier uEHBL devices, an increase in the drag signal at lower temperature indicated a dramatic increase in the coupling between the layers. These results
suggested a phase transition was occurring at low temperatures possibly due one
of the following: exciton formation followed by exciton Bose-Einstein condensation,
pairing fluctuations of an exciton condensate above the critical temperature, a weak
electron-hole pairing that led to formation of a BCS-condensate, or formation of a
DM phase. Furthermore, these devices have a similar design to more traditional opto2 This

section is adapted from Ref. [146].
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electronic devices so they can ultimately provide an electrically created electron-hole
system for studies of exciton condensation to be studied electrically or optically.
As discussed in the previous chapter, examples of electron-hole bilayers that behave as 2D Fermi systems have been demonstrated for years[155, 143, 135, 77, 147],
but creating bilayers with closely spaced layers that can be measured at the low
temperatures needed to observe the formation of excitons has been extremely difficult. The devices reported here have narrow barriers between the wells, independent
electrical contacts to the electrons and holes, and independently tuneable density in
each layer.
Equally important to using a suitable device to search for exciton condensation is
to employ a measurement that provides a clear means of identifying non-Fermi liquid
behavior. The Coulomb drag measurement used here allows for such; it enables a
quantitative comparison to systems of two Fermi liquids. In a bilayer composed of
two Fermi systems, the drag resistance develops as a result of interlayer scattering
(Coulombic, phonon, etc.) and decreases as the temperature is lowered, which is
typically attributed to the vanishing phase space for scattering events.
As reviewed in Section 5.2.1 above, in an superfluid condensate composed of
spatially-separated electron-hole pairs it was predicted that ρD would jump to a
value comparable in magnitude to the normal state resistivity at the critical temperature and diverge exponentially as the temperature goes to zero.[172] Even above
the critical temperature for electron-hole condensation the drag could be significantly enhanced with decreasing temperature due to exciton formation.[172] It might
also diverge before real condensation occurs at TC because of electron-hole pairing
fluctuations.[57] These are somewhat analogous to the Maki-Thompson contribution
to conductivity in metals above the superconducting TC .[30] Finally, if one of the
predicted DM phases results, rather than a superfluid condensate, then a low temperature upturn of the Coulomb drag was also qualitatively predicted, as discussed
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in Section 5.2.5. Regardless, the dramatic change of a decreasing drag voltage to an
increasing drag voltage is expected to signal a departure from Fermi-liquid physics.
.

5.3.2

Experimental

The uEHBL device schematic was given in Fig. 4.4. A detailed explanation of the
device fabrication and operation was given in chapter 4 and is quickly summarized
again here. The key point is that since doping is not included in the molecular beam
epitaxial growth of the structure, carriers are not inherently present in the double
quantum wells. The 2DEG and the 2DHG are induced using gates that create an
internal electric field in the heterostructure.[69, 91] Carriers are pulled into the top
(bottom) 18 nm wide GaAs quantum well by applying a voltage between an overall
top (bottom) gate and an n-type (p-type) ohmic contacts fabricated in a field effect
transistor geometry.
For the three samples studied here, the double quantum wells are separated by
Ga0.1 Al0.9 As barriers of either 30 nm for Sample A (wafer EA1286) or 20 nm for
Samples B and C (wafer EA1287). This design incorporates both independent contacts and adjustable density of the 2DEG and the 2DHG. To operate the uEHBL a
p-type contact of the 2DHG is grounded, while the 2DEG is held at a DC interlayer
bias VIL ∼ −1.45 V needed to account for the difference in Fermi levels in each well;
this allows for simultaneous occupation of both electrons and holes in these closely
spaced layers.
Ideally the gates are completely isolated, but in the actual devices leakage currents
were observed from the top gate to the n-type contacts and between the electron and
hole layers. These leakage currents varied with sample and gate voltage, but did not
appear to influence the transport measurements. Resistance, Hall and Coulomb drag
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measurements were made using lock-in voltage detection of small AC currents. An
isolation transformer was used to combine the AC current through the 2DEG with
the required DC voltage VIL of the entire electron layer. Again, a full description of
the measurement setup is given in Appendix A.
As discussed in Section 4.4, once the 2DEG and 2DHG are established in the
uEHBLs the density of carriers in each layer is proportional to its respective gate
voltage, allowing for independently tuneable densities of the 2DEG n and the 2DHG
p. The individual layer densities were obtained using standard four-terminal longitudinal or Hall resistance at T = 0.3 K. The most accurate n and p were determined
from measuring the Hall slope of each layer independently. The densities n and p
can typically be matched from 6 × 1010 cm−2 to 1.4 × 1011 cm−2 . At high density, the
2DEG mobility exceeded 1 × 106 cm2 /Vs and the 2DHG mobility surpassed 4 × 105
cm2 /Vs. These relatively high mobilities for bilayers ensure the potential profile in
each well is smooth. Shubnikov-de Haas oscillations are visible in the longitudinal
resistance with the application of an external perpendicular magnetic field and the
corresponding integer and fractional quantum Hall effects verify the homogeneity of
2D electrons and holes.
Coulomb drag measurements were taken at matched densities n = p.[50] As
described in Chapter 3, Coulomb drag measures the electron-hole scattering that
results from momentum being transferred from the carriers in a closely spaced
drive-layer to the carriers in the drag-layer, and is measured by sending a current through the drive-layer while measuring the voltage induced in the drag-layer.
From the derivation of equation 3.26, the semi-classical Boltzmann calculation of the
Coulomb drag resistivity ρD , assuming high density and large layer spacing, reduces
2
to ρD = AT 2 /(np)3/2 d4 where A = h̄ζ(3)κ2 kB
/128πe6 .[50, 63] Here h̄ is the reduced

Planck constant, ζ(3) ∼ 1.202 is the Riemann zeta function, κ is the GaAs dielectric
constant, kB is the Boltzmann constant, T is the temperature, and d is the center to
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Figure 5.4: (Color online) Quadratic dependence of ρD for Sample A at matched
electron and hole densities of 4 × 1010 cm−2 (black, circles),6 × 1010 cm−2 (red,
squares), 8 × 1010 cm−2 (green, triangles), 1.0 × 1011 cm−2 (blue, triangles), and
1.2 × 1011 cm−2 (cyan, diamonds) is typical for Fermi systems. The lines are T 2
best-fits to each dataset.

center distance between the GaAs wells in the drive- and drag-layers.

5.3.3

Results & Discussion

The results of Coulomb drag measurements for Sample A, where the electrons
and holes are roughly separated by 48 nm (well center-to-center spacing), are given
in Fig. 5.4. All of the drag measurements reported here use IDrive = 50 nA at
3 Hz in the electron layer. The magnitude of the drive current and the induced
voltage VDrag in the hole layer were measured simultaneously. To verify the drag
measurements, the same signal was observed for a range of AC frequencies, varying
drive currents in the electron layer, and different ohmic contact configurations. For

92

Chapter 5. Coulomb Drag in a Paired Electron-Hole Bilayer
T > 1 K, reversal of the drag and drive layers resulted in the same drag resistivity;
however, for T < 1 K it was thought that the large contact and sheet resistance of
the hole layer led to self-heating problems from Joule heating in the hole layer at low
temperature, preventing reversal of the drag- and drive-layers. The layer reversal
issue is discussed further in Section 5.3.3 below.
As expected for Fermi systems, the lower densities result in larger ρD for a given
temperature. The lines in Fig. 5.4 are T 2 best-fits to ρD over the range from T = 0.3
K to 10 K. Quantitatively, the prefactor A is enhanced by a factor of 7 to 10 over the
approximate expression for drag noted above. Such an enhancement has been observed for hole-hole bilayer[133, 61, 36] and electron-hole bilayers.[155] More detailed
scattering calculations including realistic modeling of the actual device structure are
better quantitative agreement with the data.[35] The qualitative agreement in Sample A with the scattering theory for drag indicates widely spaced layers behave as
independent Fermi-liquid systems down to a temperature of T = 0.3 K.
The most significant result, which provided the foundation for the experiments
discussed later in this dissertation, was the ρD measured in devices where the electrons and holes were more closely spaced (Sample B and C), the small-barrier uEHBLs. In Fig. 5.5, the drag resistance for all three devices is shown for fixed densities
of n = p = 8x1010 cm−2 . A T 2 best-fit line for data taken on Sample A is shown
with a thick black line. Multiplying the thick line best-fit for Sample A by the ratio
of the layer spacing, to the fourth power, for the 30 and 20 nm barrier structures (48
nm / 38 nm)4 yields the thin black line.
The agreement between the lines in Fig.5.5 and the data above T = 0.5 K indicates Fermi-like scattering, but below T = 0.5 K, in Sample B and Sample C,
a significant deviation from the T 2 -dependence develops. At a so-called inflection
temperature TU a minimum occurs in ρD , and for lower temperatures there is a
pronounced upturn of the drag where ρD increases with decreasing temperature.
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Figure 5.5: (Color online) ρD as a function of temperature at n = p = 8 × 1010
cm−2 for all three devices. Sample A (30 nm barrier) is plotted with green triangles,
Sample B (20 nm barrier) with red squares, and Sample C (20 nm barrier) with
blue circles. The thick line is a T 2 best-fit for Sample A. The thin line is obtained
by multiplying the thick line by the ratio (d30nm barrier /d20nm barrier )4 , validating the
interlayer distance dependence of Coulomb drag.

Measuring ρD over different regions of the Hall bar, or in the reversed current flow
direction yields the same results shown in Fig.5.5. The upturn in ρD clearly indicates a deviation from scattering between two Fermi systems; increasing drag with
decreasing temperature has not been observed in other bilayer systems at zero magnetic field.
In Fig. 5.6 ρD of Sample C is plotted as a function of temperature for five matched
densities cases ranging from 6 × 1010 cm−2 to 1.0 × 1011 cm−2 . The magnitude of ρD
at a given temperature is strongly dependent on the density. It is evident in Fig. 5.6
that a minimum in ρD at TU is identifiable for each density case in this range. Fig.
5.7 shows TU with approximate error bars associated for Sample B and Sample C as
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Figure 5.6: ρD of Sample C (20 nm barrier) as a function of temperature for n = p =
6 × 1010 cm−2 (black circles) to 1.0 × 1011 cm−2 (cyan diamonds) in steps of 1 × 1010
cm−2

a function of their matched densities. There is a very good agreement between the
two samples.
The upturn in drag for the 20 nm barrier samples immediately suggests the onset
of superfluidity at TU , due to electron-hole pairing, as discussed in Section 5.2.1
above. TU may thus correspond to temperature where the effects of superfluidity only
begin to dominate the drag or, more likely, the critical temperature TC (see equation
5.11), where a superfluid condensate begins forming since any drop in quasiparticle
density should immediately lead to an increase in drag, according to the implications
of equation 5.6.
As discussed in Section 5.2, Vignale and MacDonald mention two possible types

95

Chapter 5. Coulomb Drag in a Paired Electron-Hole Bilayer

0.6

T

U

(K)

0.8

Sample B

0.4

Sample C

5

6

7

8

n = p (10

9
10

10

11

12

-2

cm )

Figure 5.7: TU as a function of n = p for Sample B (open symbols) and Sample C
(closed symbols), with appropriate error bars.

of condensation may occur in spatially separated electron-hole bilayers.[172] For low
density, exciton formation followed by Bose-Einstein condensation of excitons may
occur. At high density, weaker electron-hole pairing can be expected, due to the
enhanced screening, so a BCS-condensate is predicted. The latter is predicted to
lead to a big discontinuous jump in ρD , while the former is expected to have a large
ρD prior to its smaller discontinuous jump. If, in the former case, the temperatures
are still too high for exciton condensation to occur, but exciton formation does occur,
the drag signal is expected to be dramatically enhanced, but remain in the normal
state. For either case of condensation, low or high density, a divergence of the
ρD is expected at zero magnetic field once the temperature falls below the critical
temperature for condensation TC due to the effects of superfluidity.
When crossing from an electron-hole plasma into a BCS-condensate TC is predicted to decrease as the density increases.[12, 71] In contrast, a proportional increase
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in TC as a function of density was predicted by Keldysh et al. as an indication of
a phase transition to a Bose-Einstein condensate.[72] This type of behavior is also
predicted for a KTS transition.[80] A smooth transition is predicted to occur between the BEC and BCS extrema, with a maximum near na2exB ∼ 1. The measured
results shown in Fig. 5.7 were consistent the latter predictions, thus suggesting the
mechanism responsible for the Coulomb drag upturn was formation of a superfluid
condensate due to exciton formation followed by a phase transition to an exciton
BEC-condensate. An expectation for the critical phase transition temperature dependence on density for the formation of a DM phase is unknown; however, the
critical interlayer separation distance for a transition from a liquid to CDW phase
increases with decreasing density, which would tend to suggest that the transition
temperature would also increase as the density is lowered, in contrast to the measured
results in Fig. 5.7.[115]
Another possibility, as proposed by Hu, is that exciton pairs briefly condense
above the critical temperature for bulk exciton condensation.[57] Here, with a number
of approximations, the drag was found to diverge logarithmically with decreasing T ,
as the temperature approaches TC due to electron-hole pairing fluctuations. Due to
the very narrow range of temperature where the drag increases as the temperature
was lowered, an obvious functional form of the data was not found; in fact, both a
natural logarithmic increase and an activated increase in drag, which follows from
BEC, were determined to fit equally well, as shown by the following in Fig. 5.8.
In Fig. 5.8 are plots of upturn data from Sample B being fit to two different
functions. In Fig. 5.8a the data is fit to ρD ∝ A exp(−T /τ ), where τ is a fitting
constant related to an activation or gap energy ∆ = kB τ . This fit model comes from
the perspective of BEC formation, where quasiparticle interactions form an energy
gap that gives a characteristic activation form to the drag that is exponentially
dependent on TC .[9] From these fittings, a ∆ ≈ 20 µ eV is found.
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In Fig. 5.8b the same data is fit to ρD ∝ [log(T /TC )]−1 , where TC is the critical
temperature related to electron-hole pairing fluctuations prior to condensation.[57]
Visually, both types of fittings appear to fit the data well, making the distinction
between the two mechanisms too difficult to determine at this time.
The data in Fig. 5.9 were the first measurements to show the effects of slightly
mismatching the densities in the two wells in comparison to keeping the densities
matched. Considering the n = p = 7.0 × 1010 cm−2 data first, the upturn signal is
roughly ρD ≈ .175 Ω/sq at T = .3 K with a minimum at TU 1 ≈ .59 K. Raising the
densities to n = p = 8.0 × 1010 cm−2 decreased the upturn signal to ρD ≈ .100 Ω/sq
at T = .3 K and it slightly increased the minimum up to TU 2 ≈ .61 K.
With a slight mismatching of the densities, n(p) = 7.0 × 1010 cm−2 and p(n) =
8.0×1010 cm−2 the drag signal shows two distinct features. Above the upturn regime,
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near T ∼ 1 K, there was a pronounced increase in the mismatched drag signal so
it fell between the low and high density matched drag signals. This follows the
conventional Fermi liquid theory for an electron-hole bilayer where ρD ∝ n−3/2 p−3/2
so a reduction in either the hole or electron density should increase the drag signal.
In the upturn regime the drag signals at mismatched densities are roughly equivalent to the higher density drag signal. This result suggests that the higher density
well is limiting the drag signal and the TU . From the perspective of exciton condensation given in Section 5.2.1, the difference in the densities will leave some additional
quasiparticles compared with to the same system at lower, matched densities. Additional quasiparticles are expected to lead to a lower drag signal, again since drag
is inversely related to density. One important issue between the results and this
pairing-perspective, however, is why TU for the n 6= p traces appears closer to TU 2 ,
the minimum for the higher density n = p = 8.0 × 1010 cm−2 trace in Fig. 5.9. If
pair formation were leading to the upturn then for density imbalance it follows that
the lower density would ideally limit the number of pairs, not the higher density, and
the upturns at n 6= p would necessarily have TU closer to the TU 1 = .59.
The ρD at T = 0.3 K in Sample C was also measured as a function of perpendicular magnetic field, without any remarkable observations. In these measurements,
the ρD upturn appeared to be independent of the magnetic field up to B = 0.5
T, at which point the drag signal exhibits magnetoresistance oscillations due to the
reduced density of states between Landau levels. A full study of these issues, the
drag upturn as a function of mismatched density and magnetic fields, are two of
the three experiments done for this dissertation. These experiments are discussed in
more detail later in Chapters 7 and 6, respectively.
Leakage currents in bilayers can lead to spurious drag signals and the gate leakage
currents in uEHBLs were often fairly high (∼ 10 − 100 nA). The upturn in Coulomb
drag was observed in two different samples (Sample B and Sample C) that have leak-
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Figure 5.10: Comparison of ρD versus T measured at VIL ranging from -1.46 V to
-1.47 V for matched densities n = p = 6.5 × 1010 cm−2 . Inset shows the same
measurement at T = .3 K

age paths which were substantially different from each other. Therefore we conclude
that the upturn was not simply an anomaly arising from a device leakage problem,
but rather that it was an indication of interesting physics between the 2DHG and
the 2DEG. In the density regime where these measurements have been made, neither
the electron or hole layer exhibited insulating behavior.
Finally, a check of the drag versus the interlayer voltage VIL was done and the
results are shown in Fig. 5.10. Here, densities were matched at n = p = 6.5 × 1010
cm−2 and VIL ranged from -1.46 V to -1.47 V. The inset plot of Fig. 5.10 shows
the results at T = .3 K. These plots show that in the upturn regime there was
an increase in ρD with increasing VIL (less negative). Making VIL less negative is
actually expected to increase the electric field between the two layers, as discussed
later in Chap. 6, which is due to the geometry of the uEHBL operation. The larger
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electric field will qualitatively pull the layers closer together, which would ideally
enhance the interaction between the layers and any possible effects due to pairing or
formation of a superfluid condensate.
At high temperatures, the results do not appear to follow this trend, with the
trace at VIL = −1.47 V showing the largest ρD . However, what this plot does not
show is the simultaneous increase in interlayer leakage current that accompanied the
drag increase for this particular trace. Thus, the focus must remain only on the
results at T = .3 K.

Coulomb drag asymmetry under reversal
To ascertain whether Coulomb drag is in fact being measured correctly, there a
few different measurement checks the experimentalist must confirm. These are described in Ref. [50] and include linearity, frequency independence and interchanging
the drag- and drive-layers which demonstrates symmetry under layer reversal. All
three working uEHBL samples passed the first two of those tests, but the smallbarrier width samples, that showed an upturn in the Coulomb drag at low temperatures, did not show complete symmetry under layer reversal at all densities.
As reflected by both expressions for drag, given by equations 3.26 and 5.6,
Coulomb drag is always expected to be symmetric under layer interchange or reversal. For Sample A, which lacked an upturn in the drag measurement, the reversal
check showed the drag to be roughly symmetric under interchange for the entire
temperature range down to T ∼ .3 K. For Sample B, however, the drag measurement was only symmetric under interchange down to roughly TU . Fig. 5.11 shows
plots from Sample B at n = p = 6 × 1010 cm−2 comparing the drag measured in
the 2DHG with drive current in the 2DEG, to the reversal, drag measured in the
2DEG with drive current in the 2DHG. As these plots show, below TU there is a
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significant asymmetry between the 2DHG-drag plots and the 2DEG-drag plots; the
2DHG-drag shows an upturn, while the 2DEG-drag appears to continue following
the T 2 -dependence. The discrepancy at higher temperatures is thought to be related
to a small density difference.
While the low temperature discrepancy between the two sets of data is unusual,
the fact that it is occurring only in the upturn region of the 2DHG-drag data signifies
that at least the drag measurement is entirely valid above the upturn, which is of
foremost importance. Beyond that, the unusual results remain open to different
interpretations.
The interpretation that the Sandia group has consistently maintained is that
the effect was due to self-heating from the less than ideal ohmic hole contacts on the
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2DHG and gate-leakage currents. Highly resistive ohmic contacts would not necessarily impede the possibility to measure drag in the 2DHG since a high impedance (100
MΩ) amplifier is used to measure VDrag anyway and the contacts would add in series
with the voltage amplifier’s input impedance and thus, have very little impact on the
measurement circuit. Attempting to drive current through high impedance ohmic
contacts, however, could affect the drag results if the driven current ID and hole con2
tact resistance RC were high enough to cause significant joule heating (ID
RC ). This

might lead the sample to self-heat, preventing it from reaching lower temperatures.
To examine this possibility, several measurements of ρxx in the 2DEG as a function
of magnetic field were taken within and above the upturn temperature regime, with
a 50 nA driving current in the 2DHG or the entire 2DHG grounded. These results
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are shown in Fig. 5.12. Focusing on the peak in ρxx near B = .75 T, the results
clearly show spin-splitting only with the 2DHG grounded at T = .32 K (black trace).
By the time the temperature has risen to T = 1.2 K, via external heating, this spinsplitting vanishes (yellow trace). In comparison, the low temperature ρxx traces with
current driven in the 2DHG also show diminished spin-splitting, with the trend being
less distinct spin-splitting as I2DHG was increased (red and green traces). Thus, the
results demonstrate that driving 50 nA of current, which was the same magnitude
typically used for IDrive in the Coulomb drag measurements, through the 2DHG has
an effect on ρxx qualitatively consistent with externally heating the sample. This
purported heating effect is also seen at T = 1.6 K (purple and orange traces).
Driving 50 nA of current through the 2DHG requires ungrounding several hole
contacts, which is expected to slightly alter the magnitude of ρxx ; however, the
changes in the overall shape of ρxx , the lack of spin splitting and rising of the signal
above zero, that occurs with the presence of ID in the 2DHG cannot be attributed to
anything else but heating. This heating implies that there will be significant thermal
gradients present, which can lead to unknown effects on the drag. For example, in
Ref.[160] a sign-reversal of drag was reported due to the presence of thermal currents.
One significant issue with this self-heating argument is that the drag measured in
the 2DEG in Fig. 5.11 does not appear to level off at TU , where it departs from 2DHG
measurements. Instead, it clearly continues decreasing well below TU , still apparently
following the weak-coupling T 2 -dependence. Unless the fridge thermometry is not
correctly reading the sample temperature, then these drag results appear inconsistent
with self-heating preventing low temperatures. This would necessarily imply that the
ρxx (B) measurements in in Fig. 5.12, which are consistent with self-heating, have
indicate a different mechanism at work. However, there are no obvious sources,
aside from self-heating, which can explain these results. Thus, the Sandia group has
consistently taken the position that self-heating was the actual source of the lack of

105

Chapter 5. Coulomb Drag in a Paired Electron-Hole Bilayer
drag reversal, despite the obvious inconsistency discussed here between Fig.5.11 and
5.12.3
Finally, it should also be noted here that a similar lack of reversal symmetry or
reciprocity in drag measurements of an electron-hole bilayer demonstrating an upturn
in the 2DHG-drag was also found by Das Gupta et al. and Croxall et al. at the
Cavendish Laboratory in Cambridge.[34, 31] In Ref. [34] an upturn in Coulomb drag
measured in the 2DHG of an electron-hole bilayer was reported for n = p = 7 × 1010
cm−2 , with no corresponding upturn in drag of the 2DEG. Later, a more detailed
study of the upturn revealed a significantly smaller upturn in the 2DEG drag at lower
temperatures (T < .5 K) and higher densities (n = p = 1 × 1110 cm−2 ).[31] In the
same study, the upturn in the 2DHG drag was more surprisingly found to be followed
by a strong downturn and saturation at a negative value at lower temperatures. The
Cambridge group has never indicated any issues due to self-heating.
The Cambridge results are mentioned again in Sec. 7.1. In Chapter 9 the issue
of self-heating and the asymmetry of the drag under reversal are revisited again and
some further discussion comparing the results of the Sandia and Cambridge group’s
work on transport and drag in electron-hole bilayers is given.

5.3.4

Conclusion

To conclude this chapter, the two most important points regarding the upturn
in Coulomb drag measured in the 20 nm barrier uEHBL devices are reiterated here.
Temperature dependent Coulomb drag measurements of uEHBLs were presented as
a function of the center to center spacing of the 2DEG and 2DHG and as a function
of matched densities n = p. The primary result was that an upturn in the Coulomb
drag was measured at zero magnetic field in two 20 nm barrier devices with different
3 This

was the position taken for publication of Refs.[146, 113].
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leakage paths, and the lack thereof in a uEHBL device with a 30 nm barrier. The
upturn’s presence is consistent with a drop in the normal state quasiparticle density
due to formation of a superfluid condensate and current being split between normal
and superfluid channels, as described in Section 5.2.1, and with formation of DM
phase, as described in Section 5.2.5.
The upturn was further characterized by TU , the temperature at which the minimum in ρD occurred. TU appears to be equivalent to the phase transition critical
temperature TC since any change in the normal state quasiparticle density for T < TC
would immediately cause ρD to begin diverging. Since TU was found to increase with
increasing matched density n = p dependence, the drag results suggest that if a
superfluid condensate formed it resulted from exciton formation followed by exciton
condensation. While a BCS-like condensate would also lead to an upturn in drag at
lower temperatures, its TC typically decreases with increasing n = p. The TC for a
DM phase was also suggested to follow the latter’s density dependence, which again
was inconsistent with the measured results.
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Chapter 6
Layer interdependence of
transport in an undoped
Electron-Hole Bilayer

The uEHBL device was originally designed with a single intention in mind, to
search for evidence of a superfluid condensate, either via Coulomb drag measurements
or counter-flow measurements (see Appendix. B). The device’s unusual configuration, however, invites a host of other possibilities as well, one of which was to see
whether electron-hole scattering might be strong enough to alter each layer’s mobility. As discussed in the following, the effect proved far to weak to have any real
effect, however, a different effect, namely wavefunction-deformation, was found to
change the mobility.
Here, the results of a study on layer interdependence of transport in an undoped
electron-hole bilayer (uEHBL) device as a function of carrier density, interlayer electric field, and temperature are presented. The uEHBL device used for this study,
again, consisted of a density tunable, independently contacted two-dimensional elec-
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tron gas (2DEG) and two-dimensional hole gas (2DHG) induced via field effect in
distinct GaAs quantum wells separated by a 30 nm Al0.9 Ga0.1 As barrier. Transport measurements were made simultaneously on each layer using the van der Pauw
method. An increase in 2DHG mobility with increasing 2DEG density was observed,
while the 2DEG mobility showed negligible dependence on the 2DHG density. Decreasing the interlayer electric-field and thereby increasing interlayer separation also
increased the 2DHG mobility with negligible effects on the 2DEG mobility. The
change in interlayer separation as interlayer electric-field changed was estimated using 2DHG Coulomb drag measurements. The results were consistent with mobility of
the hole layer being only indirectly dependent on the adjacent electron layer density
and dominated by background impurity scattering. Temperature dependencies were
also determined for the resistivity of each layer.1

6.1

Introduction

Interest in electron-hole bilayers necessarily arose from the prospect of observing
Bose-Einstein condenstion (BEC) of excitons in semiconductor double quantum well
systems [152, 95] and, as Chapter 5 mentioned, some significant progress towards that
goal has been made.[19, 146] This trend in bilayer research centered on the behavior of
the electron-hole pair. The work presented in this chapter, however, focuses instead
on the individual transport in each layer and the layer interdependence of transport.
The latter was the primary question sought to be answered here and for which an
electron-hole bilayer device is singularly, exceptionally suited; to what extent will
the mere presence of a nearby 2DEG affect the transport in a 2DHG and vice-versa?
The general transport properties of the 2DEG system in modulation-doped heterostructures were well established decades ago.[4, 174] Evidence for how the carrier
1 This

chapter is adapted from Ref. [112].
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mobility in these systems can be varied, via changes to scattering time or effective
mass, emerged later. Exploiting Coulomb scattering’s dependence on the shape of
the wavefunction, Hirakawa et al. demonstrated that a 2DEG’s mobility could be
altered by deforming the wavefunction using external fields from gates.[54, 85, 84]
Calculations by Kurobe also showed that the 2DEG wavefunction can be squeezed
by changing surface-gate voltages; when the 2DEG’s confining potential is tilted by
an electric field, the wavefunction is squeezed against an interface.[83] Furthermore,
the calculations showed that this squeezing reduces remote and space impurities
scattering times, but enhances the channel impurity scattering time.
From other studies on similar devices it was determined that background channel
impurities dominate scattering at low densities, while interface roughness dominates
at higher densities.[106, 130] More recently, Das Sarma et al. and others showed
that background impurity scattering in GaAs heterostructures is rudimentary to
the 2D metal-insulator transition, which occurs as density is reduced and screening
of the random potential landscape, due to these impurities, becomes progressively
weaker.[37, 104] Changes to the effective mass, a second possible mechanism to vary
mobility, have also been recently investigated. Zhu et al. showed how a 2DHG effective mass varies with well parameters and density due to the highly non-parabolic
valence subband structure.[182] Lastly, several studies of spin-orbit coupling induced
Rashba-effect have shown that the spin-splitting of the hole subband could be controlled via surface-gate voltages and how this changes the densities of the spin-split
sub-bands.[97, 126] These sub-bands have different effective mass, and thus, a change
in the relative populations of each may influence mobility. These studies, however,
were all on unipolar devices and an experimental study of whether general transport,
specifically carrier mobility, is affected by a 2D system of opposite charge in close
proximity has not been reported.
In this chapter, the results of an investigation into the layer interdependence of
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transport in a uEHBL are presented. The uEHBL device under study consists of a
density tunable, independently contacted 2DEG and 2DHG induced via field effect
in distinct GaAs quantum wells separated by a 30 nm Al0.9 Ga0.1 As barrier.[147] To
populate the undoped wells an interlayer electric field EIL is necessarily established
to account for the energy difference between the conduction and valence bands.
This design affords the following advantages: (1) independent contacts allow for
simultaneous transport measurements of each layer and Coulomb drag measurements;
(2) a tunable density 2DEG and 2DHG allows for these measurements to be made
as functions of the density in each layer, n and p; (3) an undoped structure reduces
scattering by remote ionized impurities; and, (4) for equal densities, the interlayer
separation d between the 2DEG and 2DHG or can be varied by changing EIL and
both gate voltages. The investigation included mobility and resistivity measurements
measured in each layer as functions of n and p, EIL , and temperature T . Coulomb
drag measurements were used to estimate the change in d as EIL was varied.
The chapter is organized as follows. A succinct explanation of the device material
and fabrication is given in the following section. Details regarding the device operation and experiment are presented in Section 6.3. The results of the experiment are
presented in Section 6.4. They indicated that 2DHG transport changed by varying
n or EIL , while the transport observed in the 2DEG was largely immune to similar
magnitude changes in p or EIL . The apparent layer interdependence demonstrated
by the 2DHG transport may only have been indirect, however, since increasing n also
necessitated changes to the surface-gate voltage predominantly controlling p, which
also would have affected the shape of the 2DHG confinement potential. Changes in
confinement potential are known to affect 2DHG transport and whether any mechanisms are appropriate to the changes in hole mobility observed in the uEHBL is
discussed in Section 6.5. This discussion is augmented with Coulomb drag measurements that were used to estimate the change in hole wavefunction position with VIL .
And, finally, in Section 6.7 the conclusions are summarized.
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6.2

Material & Fabrication

A full account of the design and fabrication of the uEHBL device used in this
study was given in Chapter 4, as well as Refs. [147, 148]. Summarizing from
those, the uEHBL device was formed from molecular beam epitaxially (MBE) grown
GaAs/AlGaAs double quantum well material (wafer EA1286). A side profile of the
device after full processing was shown in Fig. 4.1. For this experiment, the top and
bottom 18 nm GaAs quantum wells were separated by a 30 nm Al0.9 Ga0.1 As barrier.
Above the top quantum well is a 200 nm Al0.3 Ga0.7 As cladding layer and a 60 nm
n+ GaAs cap layer. Beneath the bottom quantum well is a 125 nm Al0.3 Ga0.7 As
cladding layer and a 310 nm growth superlattice. Beneath that is a 15 nm GaAs
layer, which acts as the second etch stop during backside processing and effectively
becomes the cap layer. As this layer gets exposed to air, the Fermi level at its surface
is expected to be pinned at mid-gap. The first stop etch (not visible in diagram) is
a 500 nm Al0.55 Ga0.45 As layer and that is completely removed during processing. To
process the uEHBL device a ∼ 25 cm2 piece of this material was cleaved from the
wafer and mesa-etched in the shape of a Hall bar with 5 arms extending from each
side.
Because our approach to electron-hole bilayers is to induce carriers with gategenerated electric fields, the processing for these devices is quite involved. The key
steps are to define a Hall bar with an integrated top gate, define the n-type and p-type
contacts, thin the structure for back-side processing and apply a final metallization
layer for both a back gate. An image of the final device is shown in Fig.4.4, and the
key steps are described again below.
To process the uEHBL device a ∼ 6 mm ×8 mm piece was cleaved from the wafer
and mesa-etched into the shape of a 200 µm wide Hall bar with 5 arms extending
from it on each side. The only intentional dopants present in the material were in
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Figure 6.1: Picture of the 30 nm Al0.9 Ga.1 As barrier width uEHBL device used for
this study.

the n+ cap layer that forms the top-gate. These dopants do not provide the carriers
to populate either of the quantum wells. Instead, electrons are pulled into the top
quantum well from n-type NiGeAu self-aligned ohmic contacts with the top-gate.
[69] A shallow annealing of PdGeAu metal was used to make ohmic contact to the
top-gate (the right end of 6.1). In Fig. 6.1, the n-type contact and gate arms are
outlined by the black, dashed lines. The arms are very difficult to see in the image
because following backside processing they end up beneath the epilayer, as discussed
further below. The actual contact pads are not visible in the micrograph. These
contacts served a dual role as reservoirs supplying electrons to the top quantum well
and as the n-type ohmic contacts for transport measurements on the 2DEG. At the
ends of the remaining arms, AuBe p-type ohmic contacts were formed.
The carriers in each quantum well were induced via external fields generated by
gates on the top and bottom of the device, as depicted in Fig 4.1. Each gate covers
the central Hall bar region and extended along the entire length of half the arms in a
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geometry which allows for both longitudinal resistance Rxx and Hall resistance Rxy
measurements in both wells, independently. The gate contact pads were positioned
at opposite ends of the long axis of the central Hall bar region (arms visible at right
and left end of Fig 6.1).
The patterning of the bottom-gate of the device requires a procedure for thinning GaAs heterostructures called epoxy bond and stop-etch (EBASE).[175] This
technique entails epoxying the sample to a GaAs host substrate with the completely
processed topside face-down on the host substrate. The original GaAs substrate is
removed down to the first stop etch layer (Al0.55 Ga0.45 As, not shown in Fig. 4.1)
using a combination of lapping and selective etching of GaAs using citric acid. The
first stop etch layer is removed with an HF etch, which stops on the second stop etch
layer of GaAs. Once completed SiN was deposited over the entire mesa surface by
plasma enhanced chemical vapor deposition (PECVD) and vias were etched through
the heterostructure to contact the top electrical layers (n-type ohmics, p-type ohmics
and top-gate). The back gate metal, TiAu, was then deposited over-top the SiN. The
five p-type contact and the back-gate arms of this ueHBL device are clearly visible
as gold regions in Fig. 6.1.
The back-gate covers the central Hall bar region, the five p-type ohmic contact
arms and a small portion of the p-type contacts. In this so-called overlap configuration, holes are pulled by the backgate into the bottom well from the p-type ohmic
contacts;[177] this is analogous to the aforementioned n-type ohmic contacts’ function. While both quantum wells are physically in contact with the n-type and p-type
metal contacts, the gates and mesa configuration is such that only one type carrier
is induced in each well. The positions of the contacts along the Hall bar were chosen
to allow Rxx and Rxy measurements of both quantum wells independently; however,
due to processing problems, only four contacts to each layer worked on this device
and this led to measurements being made using the van der Pauw method.[171]
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6.3

Experiment

A schematic of the energy band diagram of the uEHBL during typical operation
is given in Fig. 4.7. To simultaneously establish a 2DEG and 2DHG in the uEHBL
devices three different bias voltages, top-gate bias VT G , bottom-gate bias VBG and
interlayer-bias VIL , are necessarily used; all these voltages are referenced to ground.
As depicted in Fig. 4.7, VT G , VIL and VBG predominantly adjust the electric fields
across the 2DEG, barrier region, and 2DHG, respectively. During operation at least
one p-type contact always remains grounded. The 2DEG is held at VIL , which accounts for the difference in the electron and hole Fermi levels and ends up being
slightly less (∼ 1.43 - 1.45 meV) than the GaAs bandgap energy (∼ 1.51 eV), due to
the presence of other field sources, VT G , VBG and the carriers in each well. Ideally, its
expected that n and p are controlled only by their nearest gate, the top and bottomgates, respectively, due to screening. However, as demonstrated below, changing the
density in one well causes a small change in the density of the other well, requiring
simultaneous adjustment of VT G and VBG for the mobility versus density measurements at constant VIL . Additionally, the system is over-determined (two densities
and three voltage settings) so the same densities can be achieved at different gate
voltage settings. Finally, with the 2DEG held at VIL with respect to ground, all
the circuitry connected to it must also be held at VIL , necessitating the use of an
isolation transformer to break the ground of the signal source. This also means that
n is mainly proportional to |VT G − VIL |, while p ∝ |VBG |.
The n and p in the uEHBL were set by adjusting VT G , VBG and VIL and measured
using low-magnetic field Rxy measurements. To characterize transport, the resistivity
ρ was measured in each layer as a function of n and p, EIL and temperature T . The
mobility in each layer was calculated from the resistivity and density according to
µp = 1/peρp and µn = 1/neρn . Rxy and ρ measurements were made by standard
van der Pauw methods using low-frequency, lock-in technique with separate 20 nA
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VIL (V)
-1.43
-1.44
-1.45
-.083

E-Field
(kV/cm)
96
93
90
500

Table 6.1: (Color online) Calculated interlayer electric fields at each of the VIL used
in this study and the VIL where breakdown due to impact ionization is expected to
occur.

excitation currents in both layers. Coulomb drag measurements were used to estimate
the change in d as VIL changed. For these measurements a 10 nA current was driven
in the 2DEG, while the induced voltage in the 2DHG was measured with a highimpedance detection circuit. The constant temperature measurements were all taken
at T = 0.3 K in a He3 refrigerator. A full description of the measurement setup is
given in Appendix A.

6.4

Results

To establish some basis for comparison, the mobility of each layer is plotted in
Fig. 6.2 as a function of its density, n or p, at different densities in the adjacent layer
with VIL = −1.44 V. The resulting interlayer electric field EIL is expected to be on
the order of 90 kV/cm, far below the ≈ 500 kV/cm breakdown-field of Al.9 Ga.1 As in
this temperature range.[101] Values for the expected interlayer electric field at each
of the VIL used in this study are shown in Table. 6.1. Also, listed there is the VIL
for an electric field of ∼ 500 kV/cm, where breakdown due to impact ionization is
expected.
In the traces of Fig. 6.2a an increase in hole mobility µp with increasing n is
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Figure 6.2: (Color online) Mobilities (a) µp and (b) µn as a function of p and n,
respectively, and the adjacent well density at T = 0.3 K and VIL = −1.44 V.
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visible with a weakening dependence as p increases. In direct contrast, the traces in
Fig. 6.2b of the electron mobility µn show minimal dependence on p, the density in
its adjacent well. This mobility layer interdependence is more closely investigated in
Fig. 6.3. First, this data shows that the mobility in both layers increases with its
density, as expected from Fig. 6.2. Second, the plots in Fig. 6.3a also show that there
is a monotonically increasing relationship between the hole mobility µp and electron
density n, the density in the adjacent well. At the lowest hole density, p = 5.0 × 1010
cm−2 , a ≈ 23% change in µp was observed. As p was increased to 10.0 × 1010 cm−2
the percent change apparently becomes weaker, which is illustrated by the visible
decrease in slope between the datasets. This decrease in slope corresponds to the
data in Fig. 6.2a, where the spread between plots was much larger for smaller p.
The traces in Fig. 6.3b show that µn was roughly independent of p, confirming what
was apparent in Fig. 6.2b.
The inset plot of Fig. 6.3a shows the change in bottom-gate voltage ∆VBG required to maintain a constant p while n was increased from 3.0 to 13.0 × 1010 cm−2
using VT G for each trace in the main plot. As previously mentioned, changing the
density in one well often leads to a small change in the density of the other well, and
thus, both gate voltages VT G and VBG must be simultaneously adjusted to set the
densities. For all the measurements taken for this work, making VT G less negative
increased n, while making VBG more negative increased p. According to the inset
plot, as n was increased for each trace VBG had to be made slightly more negative
for p to remain constant. The increases in n for each trace were thus resulting in
small decreases in p since increasing VT G (making VT G less negative) to increase n
required making VBG more negative to keep p constant. Furthermore, the steepness
of the slopes of each trace in Fig. 6.3a correlates with the magnitude of the change
in VBG in the inset plot; as |VBG | increases, the slope becomes steeper.
In Fig. 6.4 the same µp data at p = 5 × 1010 cm−2 and VIL = −1.44 V from
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Figure 6.3: (Color online) Mobilities (a) µp and (b) µn as a function of adjacent well
carrier density, n and p, respectively, at T = .3 K and VIL = −1.44 V. The inset plot
shows ∆VBG as a function of p for the data in (a).
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Figure 6.4: (Color online) Mobility µp as a function of n for VIL = −1.43 V to −1.45
V and (inset) ∆VBG as a function of VIL at T = .3 K.
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Figure 6.5: (Color online) Mobility µn as a function of n for VIL = −1.43 V to −1.45
V at T = .3 K.

Fig. 6.3a is plotted alongside similar measurements at VIL = −1.45 V and −1.43
V. The data in Fig. 6.4 was taken to examine the role of VIL in determining µp , as
changing VIL was also expected to alter the 2DHG and 2DEG wavefunctions. With
the 2DHG held at ground, making VIL , the voltage dropped across the barrier, less
negative pulled the 2DEG energy level down towards the 2DHG energy and, thereby,
increased EIL . Measurements of µn under similar conditions (shown in Fig. 6.5) were
also taken, but showed no discernable dependence on VIL . Any non-linearity in this
data was attributed to noise in the measurements. The inset plot of Fig. 6.4 shows
the ∆VBG required to maintain constant p while increasing n from 3.0 to 12.0 × 1010
cm−2 at each VIL .
Based on the previous results in Fig. 6.3a, the slopes of each datasets in Fig. 6.4
suggest, and the inset data confirms, that the largest ∆VBG occurred at VIL = −1.43
V since it has the steepest slope and that ∆VBG increases with decreasing VIL .
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For fixed n, the traces also show an increase in µp as VIL decreases. In this case,
however, the increase in µp was accompanied by an increase in VBG (making it less
negative) as VIL decreased. For example, at n = 3 × 1010 cm−2 a VBG = −1.647
V resulted for VIL = −1.43 V, which was more negative than VBG = −1.5735 V at
VIL = −1.45 V. This implies that changing VIL also has a large impact on µp since a
comparison of the slopes of the traces in Figs.6.3a and 6.4 with the inset data shows
that making VBG less negative would typically be associated with a reduction in µp ,
not an enhancement.

6.5

Discussion

A discussion of the mechanisms that might qualitatively describe the results in
the previous section, the apparent increase in µp as n increased, the lack of similar
magnitude changes in µn , and the changes in hole transport and Coulomb drag with
VIL , is given in the following. The analysis of the uEHBL is complicated by the
bipolar nature of the device and the related use of three different voltages to control
the carrier densities and the two different FET-structures used to generate them.
These make it difficult to determine the exact shape of the confining potentials in
the device; however, the action of the gates on the confining potentials and the
wavefunction shape can still be qualitatively described sufficient for one of these
mechanisms to seem likelier than the other two.
Mobility is directly proportional to τp and inversely proportional to m∗h ; changes
in either could lead to the behavior of µp above. One previously mentioned method
for varying τp is via squeezing of the wavefunction. If scattering is limited by background impurity scattering in the well region then increased squeezing of the hole
wavefunction would lead to an increase in µp . Squeezing is known to reduce background impurity scattering in undoped heterostructures in this density range (< 1011
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cm−2 ).[83, 130] In the uEHBL, the hole wavefunction squeezing would increases with
increasing n because VBG , which tilts the 2DHG confinement potential, was simultaneously decreased (made more negative) to maintain a constant p, as shown in the
inset of Fig. 6.3a. A Boltzmann transport calculation for the mobility-density data
of a similar structure showed that transport in each layer was qualitatively consistent with scattering being dominated by a uniform background impurity density.[60]
Finally, the decrease in steepness of the slopes of each dataset in Fig. 6.3a as p was
increased is also consistent with squeezing since the change in µp is proportional to
−∆VBG , which correspondingly drops in magnitude as p increased (see inset of Fig.
6.3a).
While qualitatively ∆VBG would move the hole wavefunction in the right direction
for squeezing to occur the question that arises is whether the effect was large enough
to cause a change in µp . An analysis of calculations on a 2DEG in an undoped
100 nm wide quantum well showed that a ∆E ≈ 18 kV/cm led to an increase in
background impurity scattering time of ∆τ ≈ 3 × 1012 sec at n = 1 × 1011 cm−2 .[83]
If background impurity scattering was completely limiting µn then this effect would
change it by ∼ 5.0 × 103 cm2 /Vs. In comparison, the µp results in Fig. 6.3a, show
a ∆VBG = 3 mV at p = 1 × 1011 cm−2 which led to a ∆µp ≈ 4 × 104 cm2 /Vs. It’s
not clear how these results would change for the case of holes or for a smaller well,
however squeezing’s effect on mobility increases as density is reduced.[83]
A second question which arises is why similar magnitude changes were not visible
in the µn results, since VT G was also varied as p increased? If background impurity
scattering also limited the 2DEG mobility then the results in Fig. 6.3b, that µn
is roughly independent of p, imply that squeezing of the electron wavefunction was
much weaker than squeezing of the hole wavefunction as density in the respective,
adjacent well increased. A direct comparison of the changes in the top and bottomgate voltages is invalidated by the device’s asymmetry with regard to the cladding
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layer widths and relatively different gate leakages. The latter was a function of the
type of gate and contact combinations for either 2D system (see Fig. 4.7). Thus,
it’s possible that changes to VT G caused relatively smaller changes in the electron
wavefunction compared with VBG ’s effect on the hole wavefunction.
The second means by which to alter mobility is by varying m∗ . In GaAs/AlGaAs
heterostructures, the conduction band structure is parabolic and can be described
by a constant m∗n , while the valence band structure is highly non-parabolic, due to
admixing of the heavy-hole and light-hole subbands, and that leads to m∗h being a
function of several factors, such as p, the orientation of the grown surface and the
confining potential’s height, width and symmetry,. Changes in m∗h with p and well
width W in (100) GaAs quantum wells were recently measured by Zhu et al. using
cyclotron resonance.[182] They showed that m∗h increased as p increases for fixed
W and as W increases for fixed p. In the results of Section 6.4 above, however,
µp increases as the adjacent well density n increased, while p and W were both
held constant. Furthermore, from the traces in both Fig. 6.2a and 6.3a, µp always
increases as p increased, which means that any increase in m∗h due to increasing p,
as implied by Zhu’s results, must have been weaker than the increases in scattering
time from increased p.[182] Finally, the change in m∗h required for a ∆µp ≈ 2 × 104
cm2 /Vs, which, for example, was roughly the change observed at p = 5.0 × 1010 cm−2
in Fig. 6.3a, is roughly .06 me . Based on an analysis of Zhu’s results, this would
equate to either a ∆W ≈ 5 nm. or a ∆p ≈ 2.0 × 1110 cm−2 , neither of which is
expected.[182]
Variation of m∗ is also effectively possible via the Rashba-effect, a spin-orbit interaction found in systems lacking inversion symmetry that leads to spin-splitting
of subbands in the absence of a magnetic field.[24, 138] In such systems the moving
carriers feel an effective magnetic field proportional to the vector product of the carrier’s in-plane velocity and an electric field which is present because of the inversion
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asymmetry.[162, 43] In a quantum well the application of a surface-gate bias provides
a source of inversion asymmetry and the spin-splitting can be varied using the surface
gate.[145, 117] In GaAs/AlGaAs heterostructures the smaller band mass and weaker
spin-orbit couplings of the electrons leads to, for our purposes, negligible Rashbaeffect in the conduction band; in the valence band, however, measurable effects are
expected.[97, 125, 126] In the upper-most hole subband pair a 2D heavy-hole and
light-hole spin-split subband result from the heavy-hole band.[44] By changing the
spin-splitting, the relative populations of the spin-split subbands can be varied and
since these subbands have different m∗ it’s expected the Rashba-effect may thereby
alter the effective mass of the system and correspondingly, the mobility.
The confining potential for the 2DHG in the uEHBL was expected to be asymmetric due to VBG , which generate the holes. Thus, making VBG more negative was
expected to increase the spin-splitting of the 2DHG subbands. This would, in turn,
increase the difference in relative populations of each spin-split hole subband, with
a corresponding increase (decrease) in the population of the spin-split heavy (light)
hole subband for constant p.[97] This change in relative populations should lead to
an increase in m∗h and, thereby, reduce µp . This type of behavior was not observed,
however, as evidenced by the results in Fig. 6.3(a), where µp increases as n increased
and simultaneously, VBG was made more negative so p remained constant. Thus, it
appears that at least qualitatively the Rashba-effect cannot account for the apparent
layer interdependence of µp in the uEHBL data from Figs. 6.2 and 6.3. Furthermore, the observed changes in hole mobility were strongest at low density, while the
Rashba-effect is expected to occur mainly at larger k and vanish as k → 0. Based on
this analysis, it seems likely that squeezing of the hole wavefunction was the source
of the apparent interlayer dependence manifest between µp and n.
To further elucidate the nature of the squeezing of the hole wavefunction in the
uEHBL similar transport measurements, shown in Fig. 6.4, and Coulomb drag mea-
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Figure 6.6: (Color online) The hole drag resistivity ρdrag as a function of T at matched
density n = p ∼ 5.0 × 1010 cm2 for various VIL and (inset) schematic of the drag
measurement.

surements, show in Fig. 6.6, were then made at various VIL . Making VIL less(more)
negative presumably increased(decreased) the field across the barrier since the 2DEG
energy level was being pulled down towards(up away from) the 2DHG energy level,
which was held at ground. Inspecting data from Fig. 6.4 it is apparent that squeezing
also occurs at different VIL and that VIL significantly affects the relationship between
µp and n and, thus, the amount of squeezing that occurs. Combined with the inset
data in Fig. 6.4, these results are basically consistent with the previous discussion
above; for each VIL trace as n increased VBG was made more negative and, presumably, this increased squeezing of the 2DHG wavefunction leading to an increase in
µp . Considering these results more closely, however, another question arose, which
is discussed in the following.
From the data in Fig. 6.4 and the related discussion in Section 6.5 it appears that
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for constant p the presence of the weaker barrier field nearby caused µp to increase
while having a negligible effect on µn . Furthermore, the process of making VIL more
negative was accompanied by an increase in VBG to maintain a constant p. Based
on the discussion above, the increase in VBG would have reduced the squeezing effect
and decreased µp . This crucial difference made the role played by VIL less obvious
and worthy of more investigation.
To further illustrate how the 2DHG was affected by changing the interlayer electric field and to provide an estimate of the e-h scattering contribution some Coulomb
drag measurements, shown in Fig. 6.6, were taken as function of T at three different
VIL for matched density n = p ∼ 5.0 × 1010 cm−2 . At T = 0.3 K a ρdrag ≈ .1 Ω/sq
was equivalently measured for each VIL . Using ρdrag = m∗h /e2 pτh→e the time it takes
for a hole to transfer its momentum to an electron is τh→e ≈ 313 ns.[50] This was
much longer than the hole scattering time τp , which varies from ∼ 12.7 to 33.2 ps as
VIL decreases at n = p = 5 × 1010 cm−2 in Fig. 6.4, which eliminates e-h scattering
as the dominant scattering mechanism.
The 2DHG Coulomb drag ρdrag measurements in Fig. 6.6 also show that at a fixed
T > 1.5 K, ρdrag decreased as VIL was made more negative, which was expected, based
on Boltzmann theory, to occur if d were to have increased.[50] To analyze the drag
results more closely the ratio (ρdrag (A)/ρdrag (B))1/4 was determined, where A and B
were the various VIL and A > B. For a constant density this ratio is proportional to
the ratio of interlayer separation d(B)/d(A) at each VIL . From the ratio calculation,
the decrease of ∆VIL = −10 mV led to an increase ∆d ≈ 5%. For the nominally
expected separation d = 38 nm, where the 2DEG and 2DHG wavefunctions would be
located in the center of the wells, this change equates to roughly 1.9 nm. Intuitively,
the increase in d makes sense; the strength of the actual electric field between the
2DEG and 2DHG is primarily due to VIL and when the field is weaker than the
charges would be expected to be further apart from each other. Most importantly,
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however, this increase in d as VIL decreased suggests the hole wavefunction moved
away from the 2DEG and closer to the edge of the confinement potential where
squeezing presumably occurs. Thus, making VIL more negative also qualitatively
suggests an increase in squeezing and, therefore, a commensurate increase in µp .

6.6

Additional Transport Results

The degree to which the density and resistivity of each layer changed with T at
fixed gate voltages is shown in Fig. 6.7. The n(T ) and p(T ) measurements in (a) are
from two sweeps of the Hall voltage VH at B = ±.15 T at fixed gate voltages with
densities, n = 4.0 × 1010 cm−2 and p = 5.0 × 1010 cm−2 , initially set in each well at
T = .3 K. After setting n and p, the temperature was raised past T = 5 K and swept
down. The n(T ) and p(T ) changed by ∼ 4% to 5% and returned to the values set
at T = 0.3 K. The n(T ) data changed non-exponentially, while a ∆ ∼ 10% peak is
visible in the p(T ) data at T ∼ 1.2 K, the source of which remains unknown.
Measurements of ρp (T ) and ρn (T ), given in Fig. 6.7(b), also have unique temperature dependencies. A plateau in ρp (T ) data is visible between T ∼ 1.5 K and
3 K. A maximum in ρn (T ) occurs at T ∼ 4 to 4.5 K. The density and resistivity
data in (a) and (b), respectively, were then used to determine mobility according to
µ(T ) = |1/en(T )ρ(T )|. The µp (T ) and µn (T ) are plotted in (c) and (d), respectively,
with black, solid traces. The red, dashed mobility traces in (c) and (d) are calculated using the same resistivity data, but assume both densities remain constant at
n ∼ 4.0 × 1010 cm−2 and p ∼ 5.0 × 1010 cm−2 . These latter plots suggest that while
p(T ) and n(T ) change with T at fixed gate voltages according to (b), the effect is too
small to qualitatively account over this temperature range for the behavior of µp (T )
and µn (T ) in (c) and (d), respectively.
Temperature sweeps of ρp (T ) and ρn (T ) as a function of n and p were also taken.
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The ρp (T ) results, in Fig. 6.8a, demonstrate qualitative changes towards an insulator
state as p decreased, but not a full transition. Recall, pc ranging from ≈ 3.0 to 4.0 ×
1010 cm−2 was expected from percolation model fittings of σp versus p. The ρn (T )
results in Fig. 6.8b show qualitatively more metallic behavior and the disappearance
of the peak at T = 4.2 K as n increased. Corresponding temperature sweeps of ρn (T )
and ρp (T ) as a function of the adjacent well density, p and n, respectively, were also
done (not shown). For T < 4 K, the former reflected the µn data at T = 0.3 K in Fig.
6.3b. For T > 4 K, however, ρn (T, p) became smaller as p increased. The ρp (T, n)
displayed no qualitative changes as n increased from 4.0 to 12.0 × 1010 cm−2 aside
from a small increase in amplitude, which reflects the increase of µp as n increased
in Fig. 6.3a.

6.7

Conclusion

In this chapter, the results of an investigation of the layer interdependence of
low temperature transport in a 30 nm barrier uEHBL device were presented. An
increase in µp with increasing n was observed at various p, while minimal change
in µn with increasing p was observed at any n. The former was accompanied by a
simultaneous decrease in VBG (made more negative) to maintain constant p while
n was increased, which was expected to have changed the 2DHG confinement potential. Similar µp versus n results were seen at three different VIL . Making VIL
more negative was also observed to increase both µp and d. A ∆d ≈ 5% increase
with ∆VIL = −10 mV was determined by measurements of ρdrag (T ). The µp results, which manifested an apparent layer interdependence on adjacent layer density
n, were then discussed with regards to the following mechanisms related to varying
mobility: wavefunction squeezing, anisotropic band structure and spin-splitting of
the subbands due to the Rashba-effect. Based on the analysis it appears that hole
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wavefunction squeezing was, at least qualitatively, the best candidate as the source
of the apparent layer interdependence. Bolstering this argument, the increase in d,
suggested by the 2DHG drag measurements, as VIL was made more negative was
also consistent with squeezing of the hole wavefunction modulating µp .
Additional transport measurements on the device were also done. Temperaturedependent measurements of density, resistivity and mobility at fixed gate voltages
showed unique behavior and that the density change did not fully account for the
changes in mobility was confirmed. Finally, measurements of ρp (T ) and ρn (T ) showed
qualitative hints of a 2DHG transition to an insulator state that disappeared as p
increased and of the 2DEG becoming more metallic as n increased, respectively.
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Chapter 7
Density Imbalance Effect on
Coulomb drag upturn in a uEHBL

With the establishment of a low-temperature upturn of the Coulomb drag resistivity measured in the 2DHG of a uEHBL device, possibly manifesting from formation
of superfluid condensate, it quickly became apparent that quite a few issues remained
to be resolved. One issue in particular that was already mentioned in Chapter 5 was
the effect of density imbalance.
In this chapter the effects of density imbalance on the upturn in the Coulomb
drag measured in the 2DHG are examined in further detail. Measurements of drag
as a function of temperature in a uEHBL with a 20 nm wide Al.90 Ga.10 As barrier
layer at various density imbalances are presented. The results show drag increasing
as the density of either two dimensional system was reduced, both within and above
the upturn temperature regime and with a stronger density dependence than weakcoupling theory predicts. A comparison of the data with numerical calculations of
drag in the presence of electron-hole pairing fluctuations, which qualitatively reproduce the drag upturn behavior, is also presented. The calculations predict a peak in
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drag at matched densities, which is not reflected by the measurements.1

7.1

Introduction

An exciton is a composite boson that forms in bulk semiconductors due to an
attractive Coulomb interaction between its fermionic, constituent electron and hole.
As such, excitons are expected under certain circumstances to condense at low temperature, where the lowest energy state becomes occupied by a macroscopic number
of particles. While the bulk exciton condensate was later determined to be an insulator due to interband transitions which fix the phase of the order parameter[52], the
use of spatially-separated electron-hole pairs or ”indirect” excitons was predicted to
mitigate this issue sufficient for a phase transition to occur.[94, 95]
Indirect excitons may be generated optically[23] or via field-effect[147, 77] in
double quantum wells. The distinct advantages of field-effect devices, such as the
uEHBL used in this study, are that the densities in each well can be adjusted and
then maintained at constant values using gate voltages and the layers have separate
electrical contacts to each. Together these allow for the interlayer Coulomb interaction between the electrons and holes to be probed directly using Coulomb drag
measurements. Conceived of by Progrebinsky[134] and Price[137] and first demonstrated between two dimensional electron gases (2DEGs) by Gramila et al.[50], in the
Coulomb drag technique a current is driven in one layer of a bilayer device causing
a longitudinal voltage to arise in the adjacent layer via interlayer scattering. The
measured quantity is the drag resistivity ρD = Vdrag /Idrive (L/W ), where Idrive is the
current in the drive layer, Vdrag is the induced voltage in the drag layer and L/W
is the number of squares. In the ”weakly-coupled” limit, low temperature T and
large interlayer separation d, the ρD is expected to have a T 2 -dependence, due to
1 This

chapter is adapted from Ref. [113].
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phase space restrictions on the scattering set by the thermal broadening, and thereby
decrease to zero as T → 0.[50, 63] As discussed in Chapter 5, divergence of ρD from
this behavior, due to enhanced interlayer coupling, would thus suggest a departure
from Fermi-liquid physics.
Seizing upon this possibility, Vignale and MacDonald predicted that ρD in an
electron-hole bilayer system with a superfluid condensate would jump discontinuously at the condensation temperature TC and diverge as T → 0, as mentioned in
Section 5.2.1.[172] In their theory, the current was partitioned into a superfluid portion carried by the condensate and a normal portion carried by the quasiparticles.
Further theoretical work by Joglekar et al.[65], which treated the system as a dipolar
condensate, confirmed the expected divergence in ρD as a consequence of the reduction in the quasiparticle density and the consequently larger electric field required
to drive the normal component of the current. Hu also predicted an enhancement of
ρD above TC due to electron-hole pairing fluctuations.[57] This mechanism, which is
analogous to short-lived Cooper pairs in superconductors, is discussed further below.
Thus, any evidence of electron-hole pairing in a bilayer device is expected to manifest
in ρD measurements as a function of T .
Condensate formation in bilayers was also predicted to manifest as a supercurrent[94];
however, new theory predicts additional restrictions on the experimental setup for
observing this supercurrent.[163] For any pairing to occur, however, a requirement
for devices with d ≤ n−1/2 , where n−1/2 is the typical interparticle distance of the two
dimensional system (2DS) with density n, is expected.[10] Practically speaking, such
devices are difficult to fabricate and this, in turn, has made finding an electron-hole
condensate in a bilayer an elusive goal.
The first measurements of ρD in an electron-hole bilayer were accomplished almost
two decades ago by Sivan et al.[155] and exhibited behavior characteristic of weaklycoupled 2DSs dominated by Coulomb scattering. Recently, however, electron-hole
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bilayer devices with thinner barrier layers (≤ 20 nm) and lower densities (< 1011
cm−2 ) were produced[148, 34, 31, 146] and deviations from the weak-coupling T 2
drag behavior began emerging. Early indications came from Seamons[148], where a
distinct upturn of ρD measured in the hole layer was found at T ∼ .5 K in two 20 nm
barrier width samples. No upturn in ρD measured in the electron layer was found,
however, possibly because of self-heating from driving current through the highly
resistive two dimensional hole gas (2DHG). This issue was discussed in Section 5.3.3.
Self-heating was thus thought to preclude measuring ρD of the electron layer for this
work as well.
Similar results were concurrently found by the Cambridge group[34, 31], who also
highlighted how the difference in ρD from interchanging the drag and drive layers
directly contradicts the Onsager reciprocity theorem. It was subsequently shown
by them that the ρD upturn was followed by a downturn and saturation at a small
negative value.[31] Finally, a direct relationship between TU , the temperature at
which the minimum in ρD occurs, and matched electron and hole densities n = p was
revealed.[148, 146] While the details of the ρD upturn phenomena remain speculative,
exciton formation or condensation is often conjectured to be its source. Beginning to
examine this conjecture using the simple means of density imbalance is the primary
goal of this chapter.
Here, the effects of density imbalance on the low temperature upturn of ρD in
a uEHBL are reported. The ρD was measured as a function of T for various unmatched densities n 6= p in both 2DSs of the uEHBL. The data showed that ρD
increased as the density of either 2DS was reduced, with a stronger density dependence than weak-coupling theory predicts. Numerical calculations of electron-hole
pairing fluctuation theory were also done for similar density imbalances.[57] While
the calculations qualitatively reproduced the upturn observed in the measurements,
they also predicted a peak in ρD centered at n = p, which was not observed.
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7.2

Experimental

The details of fabricating and operating uEHBLs were previously discussed in
Chapter 4 and, again, in Refs. [147, 112, 146, 113, 114]. Based on these results,
Hwang and Das Sarma determined the 2DS’s mobility in uEHBLs was background
charged impurity scattering limited and the enhancement of ρD well above TC was due
to exchange effects.[60] A schematic depicting the bandstructure of a uEHBL during
operation, including the top-gate voltage VT G , interlayer voltage VIL , and back-gate
voltage VBG , is shown in Fig.4.7. The n and p are predominantly determined by
|VT G − VIL | and VBG , respectively. The sample (EA1287 6.3) used in this study had
a 20 nm wide Al.90 Ga.10 As barrier separating 18 nm GaAs quantum wells. The n and
p were measured simultaneously at T = 0.3 K prior to each ρD temperature sweep
using low-field Hall measurements by standard ac lock-in technique with 10 nA drive
currents in each 2DS. The ρD measurements were also performed with standard ac
lock-in technique using a 50 nA drive current in the 2DEG at 3.5 Hz. Since the 2DEG
is held at VIL = −1.465 V, the current is coupled in via an isolation transformer. A
schematic of the experimental setup is given in Fig. A.1 of Appendix A.
Following a similar discussion given in [146], for both n = p and n 6= p the same
drag signal was verified for a range of ac frequencies, drive currents and ohmic contact
configurations. The drag signal also showed no correlations with any changes of the
sheet resistances. An interlayer leakage current of ∼ 1 nA or less was measured in
this uEHBL. It was independent of temperature within the upturn regime and above
it, up to 3 K, where the drag was in good agreement with Fermi liquid theory. At
n = p this leakage was smallest at the lowest densities, where the upturn was most
pronounced, and similar behavior was observed at n 6= p. The agreement between
the drag at high temperature and Fermi liquid theory combined with additional
observations that the upturn in drag is not correlated with the leakage behavior
indicates that the upturn is a reliable measurement.
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7.3

Results & Discussion

Measurements of the upturn in ρD at p = 6.5 × 1010 cm−2 for various drive layer
densities n are given in Fig. 7.1(a). The black lines are best-fits A · T 2 , where A
is the single fitting constant and T 2 is the characteristic temperature dependence
that results from phase-space requirements in weak-coupling Fermi-liquid theory.[63]
Similar results, shown in Fig. 7.1(b), were found for ρD measurements at n =
8.5 × 1010 cm−2 for various drag layer densities p. Here, hints of the downturn in ρD
reported in Ref.[31] are also visible at p = 1 × 1011 cm−2 .
Summarizing the behavior, the fit lines provide a clear indication that for T > TU
the ρD followed the expected T 2 -dependence for Coulomb scattering of a weaklycoupled 2DEG and 2DHG. The data also adhered to the following weak-coupling
predictions: (1) at p = n, the ρD increased as matched density was reduced; and, (2)
for p 6= n, the ρD increased if either density was reduced.
In the upturn regime, T ≤ TU , the following behaviors, which are similar to what
was previously reported in Ref. [146] and discussed near the end of Section 5.3.3, are
visible: (1) at p = n, the TU increased as total density n + p was increased; and, (2)
for p 6= n, the TU also increased as either p or n was increased. Fig.7.1 also indicates
the upturn is most strongly dependent on T at n = 10.5 × 1010 cm−2 and becomes
comparatively weaker as n decreases, eventually showing a saturation behavior at
n = 3.5 × 1010 cm−2 .
In Fig. 7.2, the same ρD data from Fig. 7.1(a) at T = 0.3 and 1.0 K is plotted
as a function of (n/n0 ), where n0 = p = 6.5 × 1010 cm−2 . The dotted line in
Fig. 7.2 is calculated using the analytic expression for ρD , which applies in the
limit of large layer spacing d and for low T , given by ρD = αT 2 /(np)3/2 d4 , where
α = h̄ξ(3)(4πκε0 kB )2 /128πe6 .[63] Here h̄ is Planck’s constant, ξ(3) ∼ 1.202 is the
Riemann zeta function, κ is the dielectric constant of GaAs, ε0 is permittivity of
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Figure 7.1: (Color online) Upturn in ρD measured as function of T for (a) n ranging
from 3.5 to 10.5 × 1010 cm−2 at p = 6.5 × 1010 cm−2 and (b) p ranging from 6.5 to
11 × 1010 cm−2 at p = 8.5 × 1010 cm−2 . Thin black lines are T 2 best fits and are
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cm−2 , at T = 0.3 and 1.0 K. Dotted line is 100× weak-coupling analytic theory at
T = 0.3 K.

free space and kB is Boltzmann’s constant. The weak-coupling theory is known to
dramatically underestimate the measurements[147] and, to aid in the comparison,
the dotted line is 100× the theoretical results at T = .3 K.
Summarizing, the main result from Fig. 7.2 is the monotonic decrease of the
measured ρD as np was increased, both above and within the upturn regime. This
decrease in ρD was consistent through the n = p case and for both varying n and
p measurements (latter is not shown). As discussed further below, this monotonic
decrease with np does not follow the predicted behavior for ρD in the upturn regime,
where a peak at n = p was predicted.[57]
Additionally, the log-log plot in Fig. 7.2 also allows for a direct comparison of
the ρD (np)-dependence in each regime. Weak-coupling theory predicts (np)−3/2 , as
shown above. The measurements, however, roughly follow (np)−2.9 and (np)−3.7 at
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varied from 4.5 to 9.0 × 1010 cm−2 .

T = 0.3 and 1.0 K, respectively. These exponents are both larger than ∼ 1.8, which
was predicted[35] for this uEHBL based on the theory in [60]. Larger exponents were
also previously observed in both 2DHG-2DHG and 2DEG-2DEG drag.[133, 74]
To begin examining the experimental results above, a comparison to numerical
calculations of Hu’s drag equation is made in the following.[57] The reason most often
quoted for the upturn in ρD is electrons and holes entering a paired state[148, 31, 146],
as anticipated by Vignale et al. [172], Hu [57] and Balatsky et al.[10] The drag
equation devised by Hu, however, offers the simplest means to begin appraising the
density imbalance effect on the drag upturn observed in the experimental data.
Hu’s pairing fluctuation analysis indicates ρD will be significantly enhanced above
the mean field transition temperature TC , similar to the effect of ephemeral Cooper
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pairs on the conductivity above TC in superconductors. The calculation neglects
to account for impurity potentials and bandstructure effects. It uses a simple local interlayer interaction V (q) = V0 , which, unlike the more realistic Coulomb
interaction[63, 180], fails to cut off the large momentum transfer contributions and
thereby significantly overestimates the drag. Despite this well-understood shortcoming, the pairing fluctuation analysis provides the only qualitative comparison for the
upturn in ρD with the density imbalance data.
An example of a ρD calculation is shown in Fig. 7.3, alongside measured results at
p = n = 6.5×1010 cm−2 from Fig. 7.1. For this curve TC = .36 K was chosen by hand
so that TU of the calculated curve would best match the n = p data. The measured
data and the calculated curve show qualitatively similar non-monotonic dependencies
on temperature; both traces show ρD decreasing with T and then abruptly upturning
at TU . However, the calculated curve predicts a drag magnitude 3 orders larger than
the measured data. It also has different temperature dependencies than the data
for both T ≤ TU and T > TU . In the former, the measured data is finite, while the
calculations follow a T 2 ln(1/ln(T /TC ))-dependence, which diverges. For T > TU , the
calculations follow T 2 /ln(T /TC )-dependence, which differs from the T 2 -dependence
of the data, indicated by the thin, black line in Fig. 7.3.
The TC for the calculated ρD curves at n 6= p were determined according to the
following procedure. For n < p the TC = .36(n/p) K. For curves at p < n the
TC = .36 K was used. This procedure assumes the density of excitons nex is some
fraction of the lesser of n and p and that the transition temperature is proportional
to the density, in accordance with the discussion in [19].
Calculated results at T = 0.37, 0.8, and 1.0 K are plotted in Fig. 7.4 as a function
of (n/n0 ), where n0 = p = 6.5 × 1010 cm−2 and p was held constant while n was
varied from 4.5 to 9.0 × 1010 cm−2 . These results predict ρD is sharply peaked at
n = p for temperatures within and above the upturn regime (T > .5 K), in stark
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contrast to the measured results in Fig. 7.2, where ρD increased monotonically with
decreasing density.

Thus, while it appears from Fig. 7.3 that measured data has a qualitatively
similar nonmonotonic temperature dependence to predictions based on pairing fluctuations, the results in Fig. 7.2 and the inset of Fig. 7.3 indicate a sharp difference in
their dependence on density imbalance. On the surface, this suggests the ρD upturn
phenomena observed in the measured results is not a manifestation of electron-hole
pairing fluctuations above TC .
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7.4

Conclusion

In conclusion, in this chapter the effects of density imbalance on the low temperature upturn in ρD of a uEHBL were investigated using Coulomb drag measurements.
Reducing either 2DS density was found to increase ρD for T ≤ TU and T > TU .
In each regime ρD also had stronger np-dependence than what’s predicted by weakcoupling theory. While calculations of ρD in the presence of electron-hole pairing
fluctuations were qualitatively able to reproduce the measured upturn behavior, the
predicted a peak in ρD at n = p that was absent from the measured data.
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Chapter 8
Coulomb drag upturn of a uEHBL
in perpendicular and parallel
magnetic fields

With discovery of a low temperature upturn in Coulomb drag measured in the
2DHG of a small-barrier uEHBL there was possible evidence for the existence of a
superfluid condensate in an electron-hole bilayer. Following this up was a complete
investigation of the density balance effect on the upturn, discussed in the previous chapter, which effectively showed that pairing-fluctuations above the mean-field
transition temperature were not a likely candidate to explain the existence of the
upturn. The next logical knob to turn to further probe the upturn phenomena was
the application of magnetic fields.
In this chapter, the effects of perpendicular and parallel magnetic fields on the
drag upturn are examined. Measurements of drag as a function of temperature and
magnetic field in two uEHBL device with similar 20 nm wide Al.90 Ga.10 As barrier
layers at various matched densities are presented. In a perpendicular magnetic field,
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the drag upturn was enhanced as the field increased up to roughly .2 T, beyond
which oscillations in the drag signal reflecting Landau level formation begin appearing concurrent with the arrival of Shubnikov-de Haas oscillations in the drive layer
resistivity. A small phase offset between the two sets of oscillations, which decreased
at higher fields, was also observed. In a parallel magnetic field, the drag upturn
magnitude diminished as the field increased. Above the upturn regime, however,
drag was enhanced by the parallel magnetic field, in concert with the rise in drive
layer magnetoresistivity.1

8.1

Introduction

The search for exciton condensation in electron-hole bilayers began decades ago
with the theoretical prediction that the interband transition, which fixes the phase
of the order parameter for excitons in the bulk, would be sufficiently suppressed with
these ”indirect” excitons to allow for condensation to occur.[94, 95] This prediction
generated significant interest in the field and, recently, evidence of indirect exciton
condensation-like effects has been growing. Most of this evidence has been with
optically-generated indirect excitons in coupled quantum-well (CQW) semiconductor heterostructures.[19] While these excitons are short-lived and experimentation is
typically limited to optical measurements, the results have indicated the presence
of spontaneous coherence including a macroscopically ordered exciton state which
suggests Bose-Einstein condensation (BEC) is occurring.[20]
The optical evidence remains somewhat controversial, however, due to thermalization requirements, and this has, in-part, led researchers to consider studying indirect
excitons generated via field-effect in electron-hole bilayers.[155, 67, 150, 135, 77, 147]
These systems have two distinct advantages: (1) a constant electron and hole den1 This

chapter is adapted from Ref. [114].
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sity; and (2), the interlayer Coulomb interaction, presumably between an exciton’s
constituent electron and hole, may be probed directly using Coulomb drag measurements. The former allows for slow measurements to be taken. The advantage of the
latter, using the Coulomb drag technique to probe the interlayer Coulomb interaction, is that it is a straightforward measurement of particle scattering rates which
can be compared directly with theoretical predictions.[63]
Briefly, in the Coulomb drag technique a current Idrive is driven in one layer of
a bilayer, causing an open-circuit voltage Vdrag to arise through inter-layer scattering in the other layer.

The measured quantity is the drag resistivity ρD =

VDrag /IDrive (L/W ), where (L/W ) is the number of squares the voltage drops across.
According to the standard Fermi-liquid picture, ρD is expected to decrease monotonically to zero as temperature T → 0 K and, typically, to follow a T 2 -dependence,
which is normally attributed to to phase-space restrictions on the scattering set by
the thermal broadening. Any deviation from this behavior would necessarily indicate
a departure from Fermi-liquid physics.
Based on that possibility, Vignale and MacDonald and others have predicted
that ρD would dramatically diverge if a superfluid condensate occurred as T → 0
K.[172, 57, 10] Condensation was also predicted to lead to dissipationless current
flow in counterflow measurements, where currents in each layer are driven in opposite
directions.[10, 163] However, Coulomb drag measurements are a standard measurement in low temperature transport labs and formation of a superfluid condensate in
electron-hole bilayers was generally expected to manifest unambiguously in the ρD
measurements.
However, recent ρD measurements in these systems appear to have proven otherwise. While tantalizing suggestions of a superfluid condensate forming in electronhole bilayers appeared in mid-2007 when groups at Sandia and Cambridge firstreported a low-temperature upturn of ρD at T ≤ .5 K[148, 34], their excitement
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was tempered by several anomalies. The upturn was only for ρD measured in the
two dimensional hole gas (2DHG), with current being driven in the two dimensional
electron gas (2DEG), and not vice-versa, in direct violation of Onsager reciprocity
relations.
In practical terms, this reciprocity or symmetry under layer reversal (interchange
of drag- and drive- layers) is usually just one of several simple checks performed to
validate the drag measurement (discussed in Section 5.3.3). This asymmetry was
attributed to possible self-heating from driving current through the highly resistive
2DHG and gate-leakage currents in Ref. [146]. This possible self-heating effect was
also thought to preclude measuring ρD in the 2DHG below T ∼ .3 K and was assumed
to preclude measuring drag in the electron layer for this work. The Cambridge group
has since observed a smaller magnitude upturn in ρD measured in the 2DEG, but
only at higher density (∼ 1011 cm−2 ) and at lower temperatures (< T ∼ .3 K).[31]
Most unexpectedly of all, however, the upturn in ρD of the 2DHG at T ∼ 0.5 K was
followed, at lower T , by a downturn and saturation at a negative value.
While the nature of these drag phenomena remains speculative, suggestions for
the initial upturn in the drag have included exciton condensation[172, 10] and electronhole pairing fluctuations above the phase transition temperature TC , which predicts
a peak in ρD at matched density n = p.[57] Inspired by that prediction, the Sandia
group recently investigated the effects of density imbalance.[113] In contrast to Hu’s
prediction, they showed that both within and above the upturn temperature regime
ρD increased with decreasing density in either well and with a density dependence
that was far stronger than the weak-coupling theory predicts. This contrast suggests
much further investigation is necessary to grasp the nature of the drag upturn.
In that vein, here in this chapter the effects of an applied perpendicular and
parallel magnetic field, B⊥ and Bk respectively, on the low temperature upturn in
ρD in two similar uEHBL samples with 20 nm barriers are presented. The ρD and

148

Chapter 8. Coulomb drag upturn of a uEHBL in perpendicular and parallel magnetic fields
resistivity of the drive layer ρxx−e were measured as a function of T , B⊥ and Bk at
matched densities n = p in the uEHBL. In B⊥ , two field regions were apparent in
the ρD measurements within the upturn temperature regime. At low fields, a small
increase in ρD was measured as magnetic field increased up to B⊥ ∼ .2 T. Above
this field oscillations in ρD reflecting the formation of Landau levels arose concurrent
with the arrival of Shubnikov-de Haas (SdH) oscillations in the resistivity of the drive
layer ρn−xx . In this high field regime, a weak phase offset between the oscillations
of ρD and resistivity was present that weakened as B⊥ further increased. Neither
effect was present above the upturn temperature regime. In Bk , the upturn in ρD
was diminished by the increasing magnetic field, while ρn−xx was enhanced. Above
the upturn temperature regime, however, both ρD and ρn−xx were enhanced as Bk
increased. Suggestions as to the nature of these phenomena are given.

8.2

Device Operation and Experimental Technique

Previous studies detailed the design, fabrication, and operation of the uEHBL
devices, as discussed Chapter 4 and Refs. [147, 146, 112]. The cartoon schematic in
Fig. 4.7 depicts the device during operation, including the locations of the top-gate
voltage VT G , interlayer voltage VIL , and back-gate voltage VBG . The n and p are
predominantly determined by |VT G − VIL | and VBG , respectively. In this report, data
from two similar uEHBL samples with 20 nm Al.90 Ga.10 As barrier layers is presented.
Both devices had inter-layer leakage currents ∼ 1 nA for the VIL ’s used in this study,
which was too small to have any deleterious effects upon ρD .
Density measurements were done prior to each drag measurement via standard
ac lock-in technique with 10 nA drive currents in each layer. However, the samples
differed in the number and arrangement of the p-type ohmic contacts attached to the
2DHG; Sample B had enough contacts for Hall measurements, but not enough for
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longitudinal measurements, while Sample C had the opposite. Thus, the densities of
each layer in Sample B were measured simultaneously prior to each ρD temperature
sweep using low-field Hall measurements, while in Sample C the minima in the SdH
oscillations were used.
The ρD measurements were also done with standard ac lock-in technique using
a 50 nA drive current in the electron layer. Since the 2DEG is held at VIL , the
drag current is coupled to it via an isolation transformer. In Sample B simultaneous
measurements of ρD , measured in the hole layer, and ρxx−e , the resistivity of the drive
layer, were taken, while in Sample C, ρxx−e and ρxx−h were measured subsequently
to field sweeps of ρD , again measured in the hole layer. The measurements were all
taken in a 3 He fridge. Again, a full discussion on the Coulomb drag measurement
setup is given in Appendix A.
To measure ρD in Bk two different fixed, 90-degree socket adapters were employed
to position the sample so the applied magnetic field was perpendicular or parallel to
the path of the drive current and parallel to the plane of the 2DEG/2DHG. For these
drag measurements, the densities were approximately matched by measuring ρxx−e
and ρxx−h and comparing those values to previous resistivity measurements taken in
B⊥ and following matching of n and p using low-field Hall measurements.

8.3
8.3.1

Drag Measurements in B⊥
Results

Measurements of the upturn in ρD in Sample B as a function of T at VIL = −1.46
V for n = p = 6.5 × 1010 cm−2 at B⊥ ranging between 0 and .15 T are shown in Fig.
8.1a. This B⊥ -field range was below the point (B⊥ ∼ .2 T) where SdH oscillations
become readily apparent in the ρxx−e measurements for this device, shown later in
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Figure 8.1: (Color online) (a) Upturn in ρD and (b) the drive layer sheet resistivity
ρxx−e measured simultaneously in Sample B as a function of T at VIL = −1.46 V for
B⊥ ranging from 0 to .15 T at n = p = 6.5 × 1010 cm−2 . The solid black line in (a),
which shows the T 2 -dependence, is included as an aid to the eye. Inset of (a) shows
a cartoon schematic of the device during operation.
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Fig.8.2. The roughly constant interlayer leakage current, continuously monitored
during each trace, did not change with B⊥ . For these temperature sweeps, the
routine was as follows: set the densities at T = .3 K, raise the system temperature
up to 1.2 K, adjust B⊥ to the setpoint and, finally, let the fridge condense normally
with the magnet in persistent mode and the magnet power supply turned off.
The traces in Fig. 8.1a show an upturn emerging at temperature TU ∼ .5 K, where
the minimum in ρD occurs. TU was recently shown to increase with increasing density
up to n = p = 1 × 1011 cm−2 .[146] From these plots it appears TU is independent of
B⊥ , within the resolution of the experiment.
For T ≥ TU , there is significant overlap of the ρD traces at each B⊥ , which suggests the drag was independent of the small B⊥ in this temperature range. The traces
also roughly followed the T 2 -dependence predicted by the weak-coupling theory[63],
which is indicated in Fig.8.1a by the thin-black line.
In the upturn regime, T < TU , the trace overlap significantly diminishes. Instead,
it appears here that, in addition to increasing with decreased T , the drag magnitude
increased as B⊥ was increased up to .15 T. A ∼ 25% increase in ρD over its B⊥ = 0
value was observed at T = .3 K for this B⊥ -field range, equal to .2 Ω/ sq. Since TU
appears roughly independent of B⊥ , there was also a larger rate of increase in ρD
with decreasing T as B⊥ increased.
Measurements of the drive layer sheet resistivity ρxx−e in Sample B, made simultaneously with the drag measurements in Fig. 8.1a, are shown in Fig. 8.1b. At B⊥ = 0
the ρxx−e was roughly constant over this temperature range. As B⊥ increased the
∂ρ
> 0). The observed decrease
dependence of ρxx−e on T appears more ”metallic” ( ∂T

in ρxx−e with increasing B⊥ over this small range is consistent with suppression of
weak localization effects due to dephasing of the coherent backscattering processes.
Furthermore, the evolution of ρxx−e ’s dependence on T with increasing B⊥ is similar
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to what was observed in [149], where the magnetoresistance measurements on metallic p-type SiGe in small B⊥ were found to be consistent with ordinary Fermi-liquid
behavior driven by temperature-dependent screening.
A comparison of the results in Figs. 8.1a and b, suggests two things. First, the
drag has a minimum at TU ∼ .5 K and increases with B⊥ only for T < TU , while
ρxx−e decreases at different constant rates for each B⊥ , straight through T = TU .
The changes in ρD over this small field range was a roughly 30% increase, while
the change in ρxx−e over the same range was only ∼ 8%. Thus, it does not appear
that the changes are proportional to one another. Second, the results suggest the
mechanisms driving the changes in ρD and ρxx−e in Figs. 8.1a and b are different
since ρD only varied with B⊥ in the T < TU regime. Strikingly, the largest deviations
of ρxx−e and ρD below TU from their zero-field results both do occur at B⊥ = 0.15 T
and both appear to change monotically with B⊥ . However, at higher temperatures,
all the ρD traces in Figs. 8.1a overlap. Taken together, these results effectively
limit the possible sources for the upturn in ρD ’s variation with B⊥ to changes in the
non-Fermi liquid behavior due to a magnetic field.
The low field increase of ρD with B⊥ observed in Fig. 8.1 occurred below the field
where the SdH oscillations began in earnest, roughly B⊥ ∼ .2 T. The two distinct
regions are visible in Fig. 8.2, where measurements of ρD (black squares) and ρxx−e
(red circles) in Sample B at T = 0.3 K are plotted as a function of B⊥ ranging from
−.2 up to 1.0 T .
In the low field region, Fig.8.2 shows that the low-field increase in ρD , as well as
the decrease in ρxx−e , observed in Fig. 8.1a and b, respectively, were both roughly
symmetric about B⊥ = 0. The low-field increase also appears to be roughly linear,
with a measured slope equal to ∼ .33 Ω sq−1 B−1 . Measurements at higher densities
up to n = p = 8.5 × 1010 cm−2 (not shown) had similar slopes below B⊥ = ±.2, but
the data shifted downward as density increased.
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Figure 8.2: (Color online) ρD (black squares) and ρxx−e (red circles) in Sample B as
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K.

The inset of Fig. 8.2 shows the linear increase in ρD of Sample B, normalized to
its B⊥ = 0 value. At temperatures well above the upturn regime (T = 2.1 K) the
linear increase was not visible. The inset also appears to show that ρD at T = 0.3
K, was independent of B⊥ up to ∼ .025 T, within the resolution of the experiment.
This flat region was not entirely symmetric about B = 0, possibly indicating a small
offset between the applied and measured magnetic fields.
In regards to the high field region above B⊥ = .2 T in Fig. 8.2 there are at
least three issues worth noting here. First, a small phase offset exists between the
oscillations in ρD and the SdH oscillations of ρxx−e in Fig. 8.2. The offset fades as
the field increases and ranges from roughly ∼ π/2 at ν = 10 to ∼ π/5 at ν = 4.
To avoid the possibility of the offset being induced by an excessive field ramp-rate,
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the measurements in Fig. 8.2 were taken with the field held constant at each data
point, instead of just slowly ramping the field, which is normally how measurements
in a magnetic field are performed. This phase offset was also apparent in drag measurements of Sample C, which is discussed further below. This is the first reported
indication of such an offset.
Secondly, in the B⊥ > .2 T region ρD experienced order of magnitude changes as
B⊥ was increased over this small range and vanished in the regime of a quantum Hall
effect (QHE) plateau. Increases in electron-electron drag of similar and larger magnitudes were predicted in [17] and were previously observed.[53, 142] There was, however, no indication in Fig. 8.2 of the twin-peaked structure to ρD in the inter-plateau
regions observed in [142], which was predicted to result from enhanced screening in
the middle of a Landau level (LL) in [17]. The lack of a twin-peaked structure in
ρD was also found by Hill et al.[53] Comparison of ρD and ρxx−e traces in Fig.8.2
also shows roughly similar sensitivities to modulation of the density of states at the
Fermi level by the formation of LLs and, most-strikingly, spin-splitting. Here the
latter first appears in both ρD and ρxx−e at ν = 3, while a previous electron-electron
drag study showed that ρD was clearly more sensitive to spin-splitting than ρxx .[53]
Finally, three filling factors (ν = 4, 6, and 8) are labeled in Fig. 8.2 and the
the first spin-split minimum was ν = 3 at B⊥ ∼ .85 T. Due to the presence of the
upturn, ρD does not vanish until ν = 4 at B⊥ ∼ .63 T. At a higher matched density
n = p = 8.5 × 1010 cm−2 (not shown) ρD was not observed to approach zero at all
for this range of B, while at lower matched densities n = p = 4.5 × 1010 cm−2 cm
in Sample C, the ρD approached zero near B⊥ = .45 T. In contrast to these results,
all the previous studies showed that the electron-electron drag for the entire range
of B⊥ ≥ 0 was virtually zero in the plateau regime of the QHE.[53, 142]
In Fig. 8.3 the phase offset previously mentioned above between the set of oscillations in ρD and ρxx−e is more closely investigated. Here measurements from
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Figure 8.3: (Color online) Measurements of ∆ρD (black squares), ∆ρxx−e (red line)
and ∆ρxx−h × 10 (green line) in Sample C as a function of B⊥ for n = p = 4.5 × 1010
cm−2 at T = .3 and 1.2 K. Measurements were normalized to their values at B = .2
T and vertically offset by 1 for successive temperatures. The filling factors ν = 4, 6
and 8 are labeled.

Sample C, both above and within the upturn temperature regime, of ∆ρD , ∆ρxx−e ,
and ∆ρxx−p × 10, normalized to their values at B⊥ = .2 T, are shown. The data at
different temperatures in Fig. 8.3 was offset vertically for clarity. For these measurements the densities were matched at n = p = 4.5 × 1010 cm−2 by linear fitting of the
ρxx minima and, in this case, measurements of ρxx−e and ρxx−h were also necessarily
made subsequent to ρD to verify the densities had remained constant.
Analyzing the data in Fig. 8.3 at T = .3 K first, a phase offset between the
oscillations of ρD and the ρxx−e SdH oscillations in the same direction as what was
observed in Sample B is evident; however, with Sample C the same offset is now also
visible between ρD and ρxx−h . Thus, for resistivity and drag measured in the same
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layer, the 2DHG, a phase offset also occurred.
Comparing the sets of traces at different temperatures in Fig. 8.3 it becomes
apparent that this phase offset was noticeably diminished at T = 1.2 K, above the
upturn regime. Both the ρxx−e and ρxx−h peaks at T = 1.2 K are visibly slightly
displaced from their corresponding peaks at lower temperature, which may reflect a
small change in density as the temperature was raised. However, the offset between
the ρxx−e and ρxx−h peaks and the peak in ρD is measurably smaller than at T = .3
K. This phase offset reduction occurred alongside the typical decrease in the overall
amplitude of the oscillations at the higher temperature, which was expected.

8.3.2

Discussion

How the results on ρD in B⊥ presented thus far relate to one another and some
qualitative speculation on the source for the two new phenomena uncovered, the
increase in ρD with B⊥ below .2 T and the ebbing of the phase offset as B⊥ increased,
are now discussed in the following. Comparing the data in Figs. 8.1a, the inset of
Fig. 8.2, and Fig. 8.3 suggests the low-field increase and phase offset are related to
the upturn in ρD since both effects virtually disappear at T > TU , above the upturn
regime. The first common explanations typically invoked as the mechanism driving
the upturn include exciton formation and condensation.[146] While most theoretical
studies of exciton condensation in perpendicular magnetic fields are for larger B⊥
than was used in this study, the studies indicate that typically the critical conditions
for condensation improve by applying a high magnetic field perpendicular to the
well plane.[82, 90] Thus, the simplest expectation would be that B⊥ should make
the upturn phenomena more robust, manifesting with stronger effects occurring at
higher temperatures.
In Figs. 8.1a and 8.2 ρD is shown to increase with B⊥ ≤ .2 T, which fits the
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expectations of exciton condensation in high magnetic fields. This result and the
theoretical studies also indicate that B⊥ should raise the critical temperature for
exciton formation or condensation, and thus, TU should necessarily also increase.
While any change in TU was not observed in Fig.8.1 as B⊥ increased, the effect may
have been too small to identify considering the small magnitude of the increase in
ρD . An identifiable change in TU was observed by Seamons et al. where increasing
matched density caused TU to increase[146], which was reviewed in Section 5.3.3.
The phase offset effect observed in Figs. 8.2 and 8.3, however, may indicate
a different conclusion. Observing in Fig. 8.3 that the oscillations in ρD catch up
with the SdH oscillations in ρxx−e as B⊥ increased tangentially suggests that the
density of carriers governing the ρD oscillations increases to become equivalent to the
density of electrons governing the SdH oscillations of ρxx−e . As discussed in Section
5.2.1, were exciton condensation to occur it would presumably lower the quasiparticle
density, thereby increasing ρdrag → ∞. If the small upturn in ρD equates to a
decrease in quasiparticle density, then the change in phase offset due to increasing
B⊥ may oppositely indicate an increase in quasiparticle density and an equivalent
decrease of the exciton density. From the exciton condensation perspective, this
presumption suggests that increasing B⊥ diminished the exciton density, in contrast
to theoretical expectations and the results below B⊥ = .2T. The conjecture of exciton
condensation also indirectly implies that ρxx−e in Fig. 8.2, measured simultaneously
with ρD , must also be roughly insensitive to any changes in quasiparticle density due
to exciton formation, which is in contrast to the expectation of Section 5.2.1 where
the divergence of ρD was connected to a simultaneous drop in the quasiparticle
conductivities.
Another recently purported explanation for the upturn in ρD and other transport
effects in electron-hole bilayers suggested by Croxall et al. is the existence of a charge
density wave (CDW) phase of a two-component, spatially-separated plasma.[31] In
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that study, a change in ρxx−e and ρxx−h from metallic to insulating was observed as
the density in the other well increased. The CDW phase, in which density modulations in the electrons and holes are in-phase, was invoked as a possible explanation
since it’s expected to lead to an increased resistance. A CDW may also lead to a
gap in the single-particle excitation spectrum, under certain circumstances, which
might explain the upturn phenomena.[51] While those results are at similar densities
to the measurements presented here, the barrier width in Ref.[31] is smaller then the
uEHBL used in this work, which may have prevented these effects from being observed. Signatures in the magneto-transport of a CDW phase for a two-component,
spatially-separated plasma have not been discussed extensively.
Lastly, a recent theoretical study of electron-electron (e-e) Coulomb drag in the
intermediate magnetic field regime (ν À 1) has also shown that several different
magnetic field and temperature parametric-dependencies may occur.[79] The study
investigated how the presence of B⊥ alters the polarizability and, hence, the screening
function which governs ρD . Recall that in Figs. 8.1 and 8.2a a roughly linear increase
in ρD with increasing B⊥ was observed below the region of SdH oscillations. Ref.[79]
1/2

predicts the e-e drag will increase as Bperp in this region. While this comparison is
not entirely devoid of conflict since electrons and holes can be in different parametric
regions simultaneously, the analysis hints at how polarizability might be changing
with B⊥ .

8.4
8.4.1

Drag Measurements in Bk
Results

Coulomb drag in Sample B was then measured in Bk up to 4.5 T. For these
measurements, where the sample is mounted on a socket-adapter so Bk is parallel
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Figure 8.4: (Color online) Measurements of ρD in Sample B as a function of T
for Bk = 0 T (black squares), 2.25 T (red circles), and 4.5 T (green triangles) at
n = p = 6.5 × 1010 cm−2 and VIL = −1.465. V. The inset diagram shows the
direction of current I in relation to the applied field Bk .

to the growth direction, the densities were necessarily estimated prior to each drag
measurement, as discussed above, using resistivity measurements with an expected
accuracy within ±1% of the values obtained using low-field Hall measurements.
Temperature sweeps of ρD at Bk = 0, 2.25, and 4.5 T are shown in Fig. 8.4.
The inset diagram shows the configuration of the drive current in relation to Bk . As
the plot shows, for T > TU drag increases with temperature following the expected
T 2 -dependence (black lines). More interestingly, however, is the increase in ρD commensurate with increasing Bk . Using A · T 2 to fit the data, an increase in the fitting
constant A from .389 → .500 was determined as Bk increased over the indicated
range.
In the T < TU region, the relationship is reversed; here, ρD decreases with in-
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creasing Bk . At T = .3 K the ρD drops by ∼ .10 Ω/sq over the indicated range of Bk ,
a change of almost 30%. The drag inflection point at TU ∼ 0.5 K does not appear
to change with Bk , within the resolution of the experiment.
This relationship between ρD and Bk is more visible in Fig ??a. Here a roughly
symmetric behavior about Bk = 0 T is apparent for ρd . The drag also appears to
decreases roughly linearly with increasing Bk = 0 T. This is in contrast to ρe−xx ,
plotted in Fig. ??b, which appears to increase faster with Bk .

8.4.2

Discussion

A study of in-plane magnetic field effects on transport by Das Sarma et al. showed
that magnetodrag and magnetoresistance should have similar behaviors arising from
the physical effect of screening being similarly modified.[36] This is due to the fact
that both ρD and ρxx depend on the carrier dielectric function properties, which
describes the screening. Comparing this prediction to the data in Figs. 8.4 and 8.5,
the prediction appears to only be true in the vicinity of T > TU , where both ρD
and ρxx−e increased with increasing Bparallel . This increase is tentatively attributed
to suppression of screening due to spin-polarization. For T < TU , the drag behaves
opposite of this predicted behavior, which may indicate a different mechanism is
occurring.
Conventionally speaking, Bparallel is also expected to push the Fermi surfaces of
each well apart from each other. More specifically, as described for electron-electron
bilayers in Ref. [100], the origins of the transverse crystal momentum are displaced
from each other by ∆k = d/l2 , where d is the interlayer separation and l = (h̄c/eB)1/2
is the magnetic length. This kind of behavior would tend to weaken any interlayer
Coulomb interactions and thereby diminish the upturn in Coulomb drag, if it were
due to exciton condensation. A diminishing ρD with increasing Bparallel is visible in
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Figs. 8.4 and 8.5 for T < TU .

8.5

Conclusion

In this chapter, results from Coulomb drag measurements in perpendicular magnetic fields of two similar uEHBL samples within the upturn temperature regime
demonstrated two distinct regions of behavior. At low fields a relatively linear increase of ρD with B⊥ up to .2 T was observed with no corresponding change in ρxx−e
of the drive layer, which simply showed the negative magnetoresistance symptomatic
of weak localization. Above B⊥ = .2 T oscillations of the drag related to the formation of LLs began, concurrent with the arrival of SdH oscillations in the drive layer.
Here, a weak phase offset between the ρD and ρxx−e oscillations was observed that
disappeared at higher fields. Neither effect was present at temperatures above the
upturn temperature regime. Drag measurements of one of these uEHBLs with an
in-plane magnetic field present were distinguished by a decrease in the ρD upturn for
T < TU , while for T > TU the drag increased similarly to ρxx−e .
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Chapter 9
Summary of Conclusions and
Future Plans

Given the unpredictability of modern research, a dissertation may, again, be
looked at through the prism of a long journey, hopefully with some exciting hidden
treasure at the end of it, just waiting to be uncovered. The treasures one ideally
seeks here are new answers which either connect to and expand upon older findings
or generate a whole new research area. The only pitfall on this journey is when
the opposite occurs – finding something already well known and understood. This
dissertation has had its share of treasures and pitfalls.
While the studies of uEHBLs covered in this dissertation have gone a long way
towards discovering new and interesting physical effects, the overall trend as the
research progressed, if any is discernable now, was that the number of questions
answered was fewer than the number of new questions that arose. This occurrence
should not be considered tragic by the reader. While erasing all possible doubts
regarding observing exciton condensation and superfluidity in electron-hole bilayers
would no doubt feel very satisfying, given the level of difficulty in simply fabricating
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and measuring these devices, the level and magnitude of research presented in this
dissertation assuages any misgivings of this author as to whether, so to speak, the
proverbial journey was worth the trip.
It is along these lines that this chapter is included. Here, the most important
conclusions from the previous chapters are summarized in an attempt to build a
general encompassing perspective on the subject and thereby also provide guidance
for future research endeavors in electron-hole bilayers. Specifically, the conclusions
from chapters 5 through 8 are reviewed and any remaining open questions from
each are brought to light. Armed with this fresh review, the author’s new ideas
for electron-hole bilayer research are then explored. It is hoped that including this
chapter will evince a better perspective on the outcome of this research and encourage
others to continue the journey.

9.1

General Conclusions

The first general conclusion to consider stems from the discussion of fabrication of
uEHBLs in Chapter. 4. Only 3 uEHBLs out of an estimated hundred or so attempts
have actually been produced that can be used for Coulomb drag measurements at
n = p thus far. This indicates that the uEHBL fabrication process itself needs
further work. Only having 3 devices to test also makes it difficult to look at how
the interlayer effects evolve with barrier width, an important consideration, and all
of working devices have significant gate leakages, which may be contributing to any
self-heating problems, making it difficult to measure the devices below T = .3 K in
a dilution fridge. A discussion on future device designs is given in Section 9.2 below.
Recall Chapter 5 was split into a theory and experimental sections. In Section
5.2, it was shown that the presence of a superfluid condensate would lead to a
divergence in Coulomb drag resistivity with decreasing temperature, a departure
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from Fermi-liquid physics, due to the drop in the normal state quasiparticle density
and subsequent decrease in σee , σhh , and σeh . These are inversely proportional to
ρD , as described by equation 5.6. This expression, predicted first in Ref. [172],
provided a central foundation for much of the discussion found in this dissertation.
It was also shown, in Section 5.2.5 that qualitatively a DM phase, which implies a
long wavelength density modulation, would also lead to a low temperature upturn
in Coulomb drag.
Section 5.3 was a review of some material taken from Refs.[148, 146] along with
some new unpublished experimental data. Here, temperature dependent Coulomb
drag measured in the 2DHG were presented as a function of the center to center
spacing of the 2DEG and 2DHG and as a function of the matched densities n = p.
Again, the primary experimental result was that a low temperature upturn in the
Coulomb drag was measured at zero magnetic field in two 20 nm barrier devices with
different leakage paths, and the lack thereof in a uEHBL device with a 30 nm barrier.
As explained in Section 5.2, this upturn was consistent with a drop in the normal
state quasiparticle density due to formation of a superfluid condensate, where the
current is a combination of normal and superfluid currents.[172] The upturn is also
qualitatively consistent with formation of a DM phase.
The upturn was then characterized by TU , the temperature at which the minimum
in ρD occurred. From an exciton condensation perspective, TU will be equivalent to
the phase transition critical temperature TC since any change in the normal state
quasiparticle density for T < TC would immediately cause ρD to begin diverging due
to the corresponding simultaneous drops in quasiparticle density and the stronger
(np)−3/2 density dependence of Coulomb drag compared to its T 2 temperature dependence. TU was found to increase with increasing matched density n = p, which
is consistent with a superfluid condensate resulting from exciton formation followed
by exciton condensation, as described in Ref. [71].
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From a DM phase perspective, TU may also expected to be related to a phase transition temperature; however, the relationship between the critical temperature for a
phase transition and TU is not well understood. The effects of density modulation
due to a CDW are expected to be stronger at lower densities, as shown in Fig. 5.2,
and the DM phase was predicted to become stronger as temperature decreased.[92]
Based on this, one would expect changes in Coulomb drag in the presence of a DM
phase to be evident first at the lowest matched density, which was not observed (see
Fig. 5.6).
Finally, Section 5.3.3 mentions the drag asymmetry under layer reversal and the
ρxx behavior of the 2DEG consistent with self-heating from current being simultaneously driven in the 2DHG. Fig. 5.11 showed Coulomb drag was roughly symmetric
under layer reversal in the 20 nm barrier uEHBL until TU , at which point ρD measured in the 2DHG began diverging, while ρD measured in the 2DEG appears to
continue following the T 2 -dependence of Coulomb drag in the weak-coupling limit,
given by equation 3.26. Fig. 5.12 showed the ρxx behavior of the 2DEG, mentioned
above, was entirely consistent with self-heating. The data in Fig. 5.11, however, was
not entirely consistent with self-heating. Ideally self-heating would have caused ρD
measured in the 2DEG to level off near TU . The presence of thermal gradients is
expected, however, and these have reportedly caused significant changes in Coulomb
drag, such as a sign-reversal, before.[160] Recall, the Sandia group and the author
have consistently accepted self-heating as the source of the asymmetry under reversal
despite the apparent inconsistency in Fig. 5.11.
Results from the Cambridge group, discussed in Sec. 7.1, also showed an asymmetry under layer reversal in Coulomb drag measured in electron-hole bilayers with
narrow barriers,[34] similar to the drag measurements in Fig. 5.11. Later, they reported a weaker upturn of ρD measured in the 2DEG at much higher density, while
the larger upturn of ρD measured in the 2DHG was found to be followed at lower
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temperatures by a downturn and saturation at a small negative value.[31] The Cambridge group has also recently reported a metal-insulator transition in ρxx measured
in the 2DHG of an electron-hole bilayer, induced merely by the presence of the nearby
2DEG.[32]
The fact that the drag results in Fig. 5.11 appear consistent with the Cambridge
results suggests some further examination of this issue is necessary. The behavior
in Fig. 5.12 is still most likely due to self-heating since no other mechanism will
lead to a similar change in the overall shape of the SdH oscillations and the lifting
of their minimum. With self-heating there is certainly a thermal gradient present in
the sample. Testing at lower drive currents prevents a measurably large drag signal.
Changes in the magnitude of ρxx are predicted for driving current in the 2DEG
versus grounding it. This behavior was apparent in Appendix B, where a counterflow
experiment is described. Briefly, in counterflow equal and opposite currents are
driven in each layer and Rxx is measured; this result is then compared with an
Rxx measurement with equal but similar directions in each layer and finally to Rxx
measured with either layer completely grounded. If a superfluid condensate exists
than ideally Rxx in the counterflow setup would be small compared to the other Rxx
measurements.
In Appendix B a change in ρxx measured at n = p = 6 × 1010 cm−2 in the 2DEG
Rxx was found to depend on whether the 2DHG was grounded or had current driven
through it, and to depend on the direction of that driven current. As Fig. B.5 shows,
these differences became almost imperceptible as the density n = p was increased
(n = p > 6 × 1010 cm−2 ). As discussed in that appendix, these effect may be due
to less than ideal 2DHG contacts at the lowest matched density, which alters the
grounding of the entire uEHBL. The hole contact resistances were measured prior to
each measurement and found to vary by as much as a factor of 2 to 3. This variance
might also explain the difference between the ”Flow” and ”Counter-Flow” results
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in those figures since each of those configuration would have used different 2DHG
contacts as a ground.
At a minimum, the difference between Rxx measurement configurations with different current directions and ground contacts observed in Figs. B.4 and B.5 implies
that any future testing for the self-heating issue would also necessarily require checking for a dependence on the current direction in the 2DHG and thereby the ground
contact choice and testing at higher matched densities, since for n = p > 6 × 1010
cm−2 the results appear very close to another, as shown in Fig. B.5. Accepting
the less than ideal ground contact perspective for the counterflow measurements,
however, cannot account for the behavior of the ρxx data in Fig.5.12.
Thus the issue of a lack of symmetry in the Coulomb drag under layer reversal
is still a large open question remaining to be settled. This so-called symmetry is
a consequence of the Onsager reciprocity relations, which calls for the off-diagonal
elements (ρeh , ρhe ) of the 2-component resistivity matrix to be equal.[120, 121] This
equivalence was presumed in the derivation by Vignale and MacDonald of ρcd for
drag in the presence of a superfluid condensate, as shown by equation 5.4.
One other possibility discussed in Chapter 5 stemmed from a discussion on the
susceptibility in Ref. [115], where the author mentions how the mass asymmetry
between the layers leads to asymmetric LFC factors and, therefore, χll0 (q). The
asymmetry was removed in that work by averaging the two LFC factors. This points
to a weakness in the STLS approach used in Ref. [115] and indicates the possibility
for an asymmetric χll0 (q) might need to be explored.
The premise for the work in Chapter 6 was originally to see if increasing the
density of one layer in a 30 nm barrier uEHBL device would decrease the mobility
of the other through enhanced interlayer scattering. Rather, an increase in µp with
increasing n at various p with no change in µn with increasing p at any n was
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found. The former, in fact, was again an indirect effect since VBG was simultaneously
decreased to maintain constant p while n was increased. This led to further tilting of
the 2DHG confinement potential, thereby increasing the hole wavefunction squeezing
and, commensurately, reducing the dominant background impurity scattering.
A similar increase in mobility was noted by the Cambridge group in Ref. [32],
who attributed it to both wavefunction squeezing and the extra screening of the
charged impurities due to the 2DEG. The latter possibility was also initially considered by the author, but later ignored since the mobility effect was not present in
the 2DEG; there was no change in µn with increasing p. According to the ThomasFermi model, static screening by the 2DHG should actually be stronger than the
2DEG (qT F h > qT F n ), so the expectation would naturally be that the mobility effect
should be larger in the 2DEG than the 2DHG if screening were the source. While
a similar symmetry argument against 2DEG wavefunction squeezing could be made,
the asymmetric device geometry voided any direct comparisons, as noted in Sec.6.4.
Despite the simple arguments here, the source of the mobility effect thus remains an
open question since the final answer would require complex modeling of the bilayer
system.
The two main results found in Chapter 7 appear very straightforward. Recall
here the effects of density imbalance upon the low temperature upturn in Coulomb
drag of a 20 nm barrier uEHBL were studied. Reducing either 2DS density was found
to increase ρD for T ≤ TU and T > TU and in each temperature regime ρD also had
stronger np-dependence than what’s predicted by the weak-coupling drag equation.
Numerical calculations of drag in the presence of electron-hole pairing fluctuations
were unable to qualitatively account for the measured behavior. Furthermore, TU was
again seen to vary with changing density such that any possible changes in exciton
population could not account for it; this behavior was first described in Section 5.3.3.
From an electron-hole pairing and superfluid condensate perspective, the simplest
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argument regarding density imbalance one can make is that it should lead to excess
of particles in the normal state which normally decreases drag. The first density
imbalance result indicates the upturn is not strongly dependent upon matching of
the densities and thus is suggestive of an alternative explanation for this non-Fermi
liquid behavior drag upturn, aside from formation of a superfluid condensate.
The experiments discussed in chapter 8 may be regarded, in some sense, as the
most speculative of this dissertation since all the evidence taken prior to it limits the
possibilities, in this author’s mind, for a theoretical understanding of the Coulomb
drag upturn effect, particularly as being due to the formation of a superfluid condensate. Thus, the approach taken here was simply to assess whether a perpendicular
or parallel magnetic field enhanced or diminished the Coulomb drag upturn effect
measured in the 2DHG of a small barrier-width uEHBL.
The results from these experiments showed that a small perpendicular magnetic
field, below the onset of SdH oscillations, barely enhanced the upturn without altering TU . Simultaneous measurements of ρxx−e , using the same IDrive , showed no
obvious change at TU , even as B⊥ diminished the weak localization peak. Once SdH
oscillations were present in ρxx−e , a small phase offset between them and oscillations
of ρD measured in the 2DHG became obvious. The phase offset was diminished as
B⊥ increased. A relatively large parallel magnetic field was found to diminish ρD in
the upturn temperature regime, while simultaneously enhancing it for T À TU . The
latter follows the behavior of ρxx−e , which is known to increase with Bk .
Conventionally, the presence of B⊥ is thought to enhance any electron-hole pairing
since it leads to the formation of Landau levels, which provide additional confinement
in the X-Y plane and thereby strengthen the interlayer interaction. The presence
of Bk , on the other hand, pushes the Fermi-surfaces in each layer apart from each
another, which conventionally would lessen the possibility for interaction between
them. While the trend of the low-field enhancement of drag due to B⊥ appeared
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to follow these conventional ideas for electron-hole pairing in an applied magnetic
field, the phase offset effect at higher fields did not. Also, the data in this chapter
showed that ρxx−e (T) continuously varied as T → 0 for B⊥ ≥ 0, straight through
T = TU where ρD starts to diverge. This is inconsistent with the expectation in Refs.
[172, 65] for a drop in quasiparticle conductivity, due a decrease in the normal state
quasiparticle density, to drive ρD to diverge at low temperatures.
Consideration of all the relevant work discussed thus far suggests that while the
presence of the upturn in Coulomb drag of small barrier-width uEHBLs is real, it
may not be due to formation of a superfluid condensate, as envisioned in Ref. [172].
This is based on the lack of complete layer reversal symmetry of ρD , the lack of
any visible change in ρxx−e for T ≤ TU , the lack of a matched density dependence
or magnetic field dependence consistent with predictions for drag in the presence of
superfluid condensate, and the lack of consistent counterflow results. Attempting
to attribute the upturn to formation of a DM phase does not provide vindication
for the lack of layer reversal symmetry and it adds the complication of an unknown
critical phase temperature’s dependence on density; from the superfluid condensate
perspective the results were consistent with exciton formation followed by exciton
condensation.
Despite these pressing issues, it does appear likely that some kind of departure
from Fermi-liquid physics has occurred leading one to consider the possibility of
a phase transition. While whatever kind of new phase has emerged still remains
unknown, the critical temperature for this phase transition may be related to the
quasiparticle mass, as well as the density, since a similar, but a smaller upturn effect
was noted in the 2DEG for much higher densities (n = p = 1 × 1011 cm−2 ).[31] Based
on those results, the transitions also appear to occur separately in each layer.
The Cambridge data was also suggestive of a second possible phase transition
occurring in each layer, which competed with the first one and was the source for the
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eventual downturn in ρD and saturation at negative values. Hints of this downturn
were barely visible in the density imbalance data in Fig. 7.1(b). Due to the now
competing effects, it is difficult to comment on the critical temperature for this phase
transition, if that is what it was, or the magnitude of this secondary effect. It also
appears that interlayer correlations played a role, since they would enhance ρD above
the weak-coupling result at higher temperatures, which was observed in Fig.7.2, and
might lead to the metal-insulator transition behavior reported by the Cambridge
group in Ref. [32]. However, the presence of the second layer may also enhance
screening and that could, in part, drive the mobility enhancement effect discussed
in Chapter 6. Lastly, as shown in Chapter 8, while there were some magnetic field
induced effects on the Coulomb drag upturn, B⊥ and Bk appear to play only a
relatively minor role in the overall physics of the upturn since their effects are weak.
Overall, the effects of the magnetic fields were also not entirely consistent with the
conventional picture of exciton condensation in magnetic fields.

9.2

Future uEHBL devices

Considering the entire crop of issues discussed in the previous section, what is
certainly called for are changes to the uEHBL fabrication procedure and new uEHBL
devices. Ideally, these devices would have far less gate leakages (≤ 1 nA), a full set of
working contacts in each layer, the capability to operate at lower matched densities
than what is possible now (< 6.0 × 1010 cm−2 ) and smaller barrier-widths. Less
gate leakage would limit the possibility for any leakage-related self-heating thereby
allowing the uEHBLs to be faithfully tested in a dilution fridge down to lower temperatures. Devices with a full set of working contacts in each layer would allow for
simultaneous measurements of ρxx and ρxy with IDrive in either layer, expanding the
experimental possibilities. Devices operating at lower matched densities and smaller
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Figure 9.1: Lateral-view schematic of dual-gate design 1 using two SiN layers and
buried contact-gate.

barrier-widths than what is available now would enhance the ratio of interlayer to inlayer interaction strength, improving the signal levels and possible uncovering other
new phases. Finally, the fabrication process for these devices should ideally be robust
enough that more than 3 working devices result from nearly a hundred attempts, as
is the estimated current standard.
To begin developing a new fabrication process, the first step was to decide what
parts of the old fabrication process should be kept and what parts need to be changed.
Along these lines, it was decided that the self-aligned contacts used in the original
uEHBL device design should be replaced with overlap-style contacts since it was
thought that the leakage issues with the latter would be easier to resolve. The second
step was to consider new additions to the design. One such idea, that fortunately
the overlap-style contacts are amenable to, was for a dual-gate design, which would
allow for the contact regions to operate at higher densities than the main Hall bar
region and which the use of overlap-style contacts was amenable to, while the selfaligned contacts were not. Lastly, with any changes or additions to the process,
the most important issue to be resolved was again robustness of the fabrication
procedure. Consistent with these ideas, some preliminary work on new single layer
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Figure 9.2: Lateral-view schematic of dual-gate design 2 using a single SiN layers
and a buried Hall bar-gate.

devices which utilized a newer design of overlap-style contacts is discussed in this
chapter. This work was intended to be the basis for future uEHBL designs.
The dual-gate design was conceived as a way to both enhance the ohmic behavior
of the contacts while simultaneously allowing for the density in the Hall bar region to
be made lower. A depiction of the contact region for two different dual gate designs
are shown in Figs. 9.1 and 9.2. In the former, the contact-gate is buried and two
layers of SiN are used. In Fig. 9.2 the Hall bar-gate is deposited first and only a
single SiN layer is grown. While growing SiN layers is notoriously difficult to do well,
early results on these devices showed the leakage to be very small between the gates
and contacts and from gate to gate across the second SiN layer.
The real issue, it turned out, was the diffusion of the contact metal. For the
overlap-style contacts to function the contact metal must diffuse out from beneath
the metal on the surface and create a highly-doped region to act as a reservoir for
carriers. If the contact metal does not diffuse well enough, the contact metal at
the surface will screen the electric fields applied from the contact-gates above it.
Improving the contact metal diffusion required experimenting with longer anneal
times and higher anneal temperatures; however, the most vast improvement was

175

Chapter 9. Summary of Conclusions and Future Plans

ohmic
contact hall-bar
metal mesa
fingers

gate-gate
overlap
region

ohmic
contact
metal

via to
contact
metal

metal diffusion
defines gate-contact
overlap region
contact
hall-bar
gate metal gate metal

Figure 9.3: Top-view schematic of dual gate design 1 illustrating the gate-gate and
gate-contact overlap regions. Latter is defined by contact metal diffusion beneath
the surface as surface metal screens the any electric fields applied by the contact gate
above it. Metal fingers enhance surface perimeter which increases the gate-contact
overlap region without enhancing dielectric leakage current.

made by expanding the surface perimeter of the contact metal using fingers, which
are depicted in Fig. 9.3.
A second vast improvement in performance was found to occur by doing a wetetch prior to depositing metal, similar to what occurs in a SAC-style contact formation; following lithography to define the ohmic contact pattern, the sample was
wet-etched in phosphoric acid down close to the location of the double quantum
wells. This etch has the two-fold purpose of removing surface oxidation and bring
the metal closer to the quantum wells so it has less to diffuse through. While this
procedure adds to the complexity it was found to vastly improve the number of working contacts on each sample. Using these ideas both n-type and p-type single layer
devices were fabricated that with 100% functioning contacts. These results show
promise for making better uEHBLs in the future, which will allow for this journey
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to be continued.
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Appendix A
Transport and Coulomb drag
Experimental Setup

The low temperature transport and Coulomb drag of the uEHBLs were measured
using the experimental setup shown in Fig. A.1. The setup also includes the Oxford
cryogenic fridge and dewar containing the magnet, cabling, and the Dell computer
with a GPIB-interface (not shown). Here, two Standford Research Systems 830
lock-in amplifiers in combination with two Princeton Applied Research 113 voltage
amplifiers are used to simultaneously measure the drag voltage and drive current
separately. Doing this limits the possibility that a drop in current is the source of
a change in the drag signal. The drive current was measured using a 10 kΩ resistor
placed across the inputs to the voltage amplifier.
The lock-in amplifiers here are computer controlled via the GPIB-interface (not
shown) and read-out by three 6 12 digit multi-meters (DMMs). Two DMMs measure
the in-phase and out-of-phase signals from the lock-in amplifier measuring the drag
voltage, while the third DMM measures the in-phase signal from the lock-in amplifier
measuring the drive current. The lack of an out-of-phase signal in the drive current
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Figure A.1: Experimental setup used to measure Coulomb drag and transport. The
setup also includes the Oxford cryogenic fridge and dewar containing the magnet,
cabling, and the Dell computer with a GPIB-interface (not shown). Lock-in amplifiers are computer-controlled via the GPIB-interface and read-out via multiple 6 1/2
digital multimeters, which were also on the GPIB-interface (not shown). A second
similar setup (2 lock-in amplifiers) was used to make simultaneous transport measurements on both layers. The grounds in this image are representations of ”signal
grounds” all of which are separately attached via leads to a single earth ground.
Adopted from [147].
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is visually monitored.
The voltage output from one of the two phase-locked lock-in amplifiers is used to
generate the drive current. The voltage is driven through a

1
1000

voltage divider circuit

(not shown) and then into a low-pass transformer, the IsoMax Sub-1RR Isolation
Transformer.[64] The transformer has the advantage of completely isolating the line
from earth ground and thereby eliminating ground loop currents through the lock-in
amplifier.
The interlayer voltage is supplied by a Keithley Model 2400 dc voltage supply.
The outputs on the 2400 are isolated and intentionally grounded as shown in Fig.
A.1. Here, the ground symbols are representations of ”signal grounds,” all of which
are separately attached via leads to a single earth ground point.
Also note the use of large balanced impedances on the drive current circuit and
a center-tapped contact in the electron layer for the interlayer voltage lead. This
configuration assists in the rejection of common-mode noise since even drive currents
should be present for the center-grounded hole layer.
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B.1

Introduction

A counterflow measurement on an electron-hole bilayer is another way to search for
the effects of superfluidity. As discussed in Ref. [152, 65], if a superfluid exists in
the electron-hole bilayer then for equal, counter-propagating currents in each layer a
zero voltage drop in each layer is predicted due to the minimal dissipation, as shown
by the following.

B.2

Theory

Borrowing from Ref. [65], the resulting electric fields in each layer for a given symmetric current J0S = (J0h + J0e ) are equal in the limit time t → ∞ and where J0h and
J0e are the driven currents in each layer. The resulting field in each layer is given by
(equation (7) and (8) in Ref. [65])
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E(t) = +

J0s
,
(σee + σhh + σeh + σhe )

(B.1)

where σee ,σhh ,σeh , and σhe are in the inlayer conductivity and the transconductivity. Expressed in this manner the counterflow experiment has an amazingly simple
result: for equal and opposite currents Jh0 = J 0 and Je0 = J 0 , the symmetric current
(JS0 = 0) and the resulting electric fields, in equation B.1, are null. The implication
here is that for exactly equal, counter-propagating currents the electron-hole pairs
can remain exactly aligned, as envisioned in Fig. 5.1, and currents will be carried
entirely by supercurrents. Vanishing of longitudinal and Hall resistances in double
layer two-dimensional electron systems at total Landau level filling factor νtotal = 1
with counter-propagating, equal currents in each layer was reported by Kellogg et
al. as evidence of excitonic superfluidity.[75]

B.3
B.3.1

Experiment
Measurement Setup

For counter-flow experiments in uEHBLs, the setup depicted in Fig. B.1 was used.
Here, the black numbers refer to contacts to each layer, with 2 and 8 at opposite
ends of the 2DEG and 15 and 10 at opposite ends of the 2DHG. An isolated voltage
source, generated via a low-pass, transformer, in combination with two 1 MΩ resistors
was used to create current source IS . This source provides equal, in phase, slowly
oscillating currents to each layer. Measuring these currents was done via isolated,
voltage amplifiers, represented in Fig. B.1 by the blue triangles labeled Ie and Ih .
In this configuration, these currents are what exit from the layers, and thus, any
leakage across the barrier
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Figure B.1: (Color online) Schematic of the (a) counterflow and (b) normal flow
measurement setups. For (a) and (b), a current source IS provides equal, but counterpropagating and co-propagating, respectively, currents I to the 2DEG and 2DHG.
VIL is the interlayer voltage, applied to the 2DEG. To convert between (a) and (b)
the leads to contacts 15 and 10 are switched.

The interlayer voltage VIL , provided by a constant, dc voltage source, is attached
to one end of the 2DEG. This dc source serves as dual role, acting as a ground for
the ac current from Is . The large, blocking capacitor CC is used to prevent VIL from
affecting the 2DHG, while simultaneously allowing the ac current IS to freely pass
through.

PSPICE Model
To confirm the behavior of this circuit a PSPICE model was constructed using estimates of the actual experimental values. A diagram showing the model is given in
Fig. B.2. Here, the 2DEG and 2DHG layers are represented by 3 separate resistors,

183

Appendix B. Counterflow Measurements

(a)

(b)

Figure B.2: PSPICE schematics of the (a) counterflow and (b) normal flow measurement configurations.

with various values chosen to best represent the experiment. The oscillating voltage
source V S, with an amplitude of 1 V, is coupled through a 1/1000 voltage divider
created by R1 and R2, a transformer T X1, and two 1 MΩ resistors to generate
current. The sense resistors RS1 and RS2 are used to represent the voltage amplifiers from Fig. B.1. Here a CC = 230 µF is used for the blocking capacitor and an
interlayer voltage VIL = −1.465 V.

The results from the PSPICE modeling are shown in Fig. B.3. Here, the currents
flowing through RE and RH for each model are shown. The results confirm that
currents will flow in opposite and the same directions for the counterflow and normal
flow configurations, respectively.
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Figure B.3: Results from the PSPICS modeling showing (a) counterflow and (b)
normal currents, from (a) and (b) in Fig.B.2, respectively.
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Figure B.4: Rxx for the 2DEG in the counterflow, flow and hole-grounded configurations.
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B.3.2

Results

Initial results from resistance measurements on a uEHBL with a 20nm Al0.9 Ga0.1 As
barrier are shown in Fig. B.4. Here, three different configurations were used. The
counterflow and flow setups are shown above in Fig. B.1. The ”2DHG grounded”
configuration is similar to these, but has both contacts 15 and 10 grounded, so no
current flows through the 2DHG.
While these results were initially very promising since it appears that the counterflow configuration has a lower resistance than the normal flow configuration, it
was later determined that the actual resistance in the 2DEG was only dependent
on the direction of the current in the 2DHG. This was determined by reversing the
leads to contacts 2 and 8 on the 2DEG and doing similar measurements.
For example, during one set of measurements an ρxx = 460Ω/sq was measured for
the 2DEG with current being driven from contact 10 to 15 in the 2DHG, regardless
of whether the current in the 2DEG was passed from contact 2 to 8 or 8 to 2. Driving
the current from contacts 15 to 10 in the 2DHG resulted in a 2DEG ρxx = 525Ω/sq,
again regardless of the current direction in the 2DEG. Thus, it became obvious that
the results were entirely independent of the direction of current in the 2DEG, which
would not follow from the presence of a superfluid.
The actual source of these changes is hypothesized to be the result of the change
in the ground location on the 2DHG. The measurements above in Fig. B.4 were all
taken at n = p = 6 × 1010 cm−2 , which is generally the lowest density at which both
layers can be safely matched. At this density the 2DHG hole contacts have less than
ideal resistances, so changing the ground location will affect the 2DEG and 2DHG,
since they both depend on it. As the density is increased, the hole contact resistances
become more ideal and thus, there should be less dependence on the choice of the
ground contact.
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Figure B.5: Rxx for the 2DEG in the counterflow, flow and hole-grounded configurations at T = .3 K for various matched densities n = p.

This hypothesis is supported by the measurements in Fig. B.5, where increasing
n = p density causes both the total resistance in the 2DEG to drop under all configurations and for any differences between the counterflow and flow configurations
to vanish. Thus, based on the results in Fig.B.5 and the lack of dependence on the
2DEG current direction for the result at n = p = 6×1010 cm−2 there does not appear
to be any need to invoke superfluidity for these measurements.
Finally, while the plots in Fig. B.4 may look suspiciously like the Coulomb drag
upturn measurements discussed in previous chapters, all of the Coulomb drag measurements were repeatedly verified to be qualitatively independent of the direction
of current in the 2DHG. Furthermore, above the upturn temperature regime the
drag was always found to roughly follow the T 2 −dependence predicted by the weak
coupling drag equation. Thus, there is no doubt drag was being measured and the
upturn is not the result of a similar issue as the counterflow measurements.
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Labview Calculator Programs
During this work, it was often necessary to calculate parameters such as the Fermi
energy, Fermi temperature, etc. To make this routine, some simple Labview programs were constructed to do the calculations. The first was CalcBilayer.vi.[108].
A screenshot of the frontpanel from this vi is shown in Fig.C.1 below. Basically
this is simply a collection of small calculations that an experimentalist working on
electron-hole bilayers might find useful. For example, for each layer, based on an
input effective mass and density, the program calculates density of states in multiple
systems of units, Fermi energy EF , Fermi wavevector kF , Fermi velocity vF , Fermi
wavelength λF , Fermi temperature TF and the Thomas-Fermi screening wavevector
qT F . The program also calculates effective Bohr radius a∗B and Wigner-Seitz radii rs
for each layer. Several other calculations are also made.
The benefit of this program is obviously that common calculations can be done
rapidly, especially in different systems of units. This also makes checking calculations
in other’s papers far easier.
The second calculator program was CoulombDragPlotting-v2.vi.[109]. This program was used to numerically calculate the Hu drag equations for the work in Chapter
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Figure C.1: (Color online) Screenshot of the CalcBilayer-ver6.vi.[108] Program computes several parameters (i.e. EF , kF , rs , etc.) of interest for each layer based on few
simple inputs, such as density, mobility, and temperature.
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Figure C.2: (Color online) Screenshot of theCoulombDragPlotting-v2.vi.[109] Program numerically integrates the Hu drag equations for Coulomb drag in the presence
of electron-hole pairing fluctuations.[57]
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7.[57] A screenshot from this program is shown in Fig. C.2. As the figure shows,
both the Hu drag equation as well as the weak-coupling calculation can be done for
any density imbalance.
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